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FOREWORD 


The following paper has been compiled from a series of lecture 
notes made by the writer when he took an advanced course on ocean- 
ography under Prof. Bjorn Helland-Hansen, Geo-Physical Institute, 
Bergen, Norway. Writers of textbooks on oceanography, fail from 
time to time, due to the rapid growth of this science, to keep pace 
in print with the newest methods in practice. The need for the 
appearance of the present treatise is emphasized when it is realized 
that a complete exposition of the methods elucidated herein has never 
before, to the writer’s knowledge, been collected in a single publica- 
tion, and the particular hydrographical information, prior to this, has 
been unavailable short of personal instruction in Europe. Although 
the illustrations to be found throughout the paper are in most cases 
examples taken from observations of the International Ice Patrol off 
Newfoundland, and although the bulletin is intended especially to 
assist the prosecution of Ice Patrol service, the application of the text 
is, nevertheless, quite broad in its scope. It is therefore recom- 
mended to the attention of all students interested in the subject of 
physical oceanography. 

The foundation upon which this paper rests was first laid down by 
Prof. V. Bjerknes, (see “‘ Dynamic Meteorology and Hydrography,” 
Carnegie Institution publications, Washington, 1910-11). In the lines 
of history which record attempts to apply mathematics to the natural 
sciences this treatise by Bjerknes stands out as one of the most 
successful and progressive. A perusal of the book can not fail to 
impress one with the infinite care and exactitude with which the 
theories have been presented and the exposition developed. It 
is a model of scientific treatment, but he who is searching for a 
practical method directly applicable to a hydrographical problem 
is bound to note the absence of just this sort of pertinent information. 
Since the time when Bjerknes’ theories became recognized by scien- 
tists there have been a few oceanographers, especially Helland-Hansen, 
Nansen, Ekman, and Sandstrom, who have done much to give the for- 
mul of motion a practical application to the sea. Asa result of such 
development we are now supplied with a scientific method whereby 
if the temperature and salinity of the ocean are given from several 
known depths and stations the direction and velocity of the currents 
even in the deep water off soundings can be computed and mapped. 
In this connection it may be of interest to know that the currents 
calculated from the observational data collected in 1922 off the 
Grand Banks have been found to agree very closely with the drifts 
of the icebergs of that same year and region. 
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This paper endeavors to encompass in a general way the foregoing 
subject with its various aspects. The contents deal with the fol- 
lowing: The causes of currents; static consideration of a water mass; 
dynamics and Bjerknes’ theory; and a practical method for mapping 
currents. Other related subjects discussed are friction; effect of 
bottom configuration; tides; variations in atmospheric pressures; 
and the winds. The writer has tried to present a rather technical 
scientific subject in such a manner that it may easily be understood 
by the ordinary student. Always there has been the hope that the 
methods elucidated herein would serve some practical economic 
service. 

I wish to recognize with appreciation the advice and suggestions 
made with regard to this paper by the curator of the Museum of 
Comparative Zoology, Harvard University, and the hydrographic 
engineer, United States Hydrographic Office. 

The foreword is not complete unless this place is reserved to express 
a sincere appreciation and acknowledgment of the untiring, generous 
assistance and instruction given me in this work by the director of 
the Geo-Physical Institute, Bergen, Norway. He has in many in- 
stances placed even his personal notes at my disposal, and in a hun- 
dred other ways has shown an unselfish spirit of cooperation and 
friendship. As I leave Norway I bid him a fond farewell. 

VOR RS), 

Aucust 13, 1925. 


A PRACTICAL METHOD FOR DETERMINING OCEAN 
CURRENTS 


Epwarp H. Smita 


THE ORIGIN OF CURRENTS 


In order to make a systematic exposition of the circulation taking 
place in the oceans with especial regard to the origin of currents, 
we have found it convenient to divide the forces into two general 
classes: (1) Internal and (2) external. 

(1) Internal forces appear in an ocean mass whenever any change 
takes place in the physical character of the water itself; that is, if 
either the temperature or the salinity varies in the sea then the 
dynamic equilibrium is upset and a tendency to readjust must follow. 
The internal system of forces in an ocean are disturbed whenever 
that mass radiates or absorbs heat; evaporates from the surface; 
receives additions of fresh water; or suffers internal physical trans- 
formation as a result of its turbulent activity. Radiation is simply a 
gain or loss of heat by the ocean, which tends to vary the temperature 
of the surface layers. Evaporation tends to vary the salinity of the 
surface. The ocean receives fresh water from rain, snow, or melting 
ice. When an ocean mixes internally it alters its physical character 
within the region of mixing. 

(2) Forces classified as external and provocative of currents are 
winds, tides, and variations in atmospheric pressure. The winds 
we shall divide into two groups, determined primarily by their 
extent and duration: (a) Those winds which by a tangential pressure 
on the surface of the sea frictionally propagate a pure wind current 
only; and (6) those winds which by virtue of friction drive water 
particles against boundary surfaces in the sea and give rise to gradient 
currents. Winds classified as (6) are by far the most important of the 
external forces assisting to maintain the more or less prevailing system 
of circulation in the oceans. 

There are, however, two other forces which are classified as second- 
ary, but only in so far as they tend to deform the components estab- 
lished by (1) and (2). They are, nevertheless, of the utmost im- 
portance in the consideration of currents, namely, (a) the quasi 
force due to terrestial rotation which acts simultaneously as soon as a 
movement as described in paragraph (1) or (2) begins; and (0), fric- 
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tion, that due primarily to land and bottom configuration as it tends 
to guide and shape the direction as well as to effect the velocity of — 
ocean currents. Friction also is an important factor, arising whenever 
water particles of dissimilar motions interact among one another. 
A well-known example of this process is contained in the waters of a 
mixing zone which lies adjacently inshore of the Gulf Stream and 
stretches along the American continental slope. 

It is difficult, even in such a well-known current as the Gulf 
Stream, to state which class of forces, internal or external, is the 
fundamental cause of movement, yet the subsequent forees tending 
toward alterations of the movements spring from two influences— 
friction and rotation of the earth. A discussion of some of the fore- 
going features will assist to a clearer understanding of the entire 
subject. 

STATIC CONSIDERATION OF A WATER MASS 


Let us imagine that wecan pass a plane vertically downwards through 
the ocean and can regard a cross section of the water in profile, with a 
view to studying its static condition, or distribution of mass. If now 
the water particles could be colored with reference to their relative 
weights, we would find the lightest water in the surface layers, and the 
heaviest particles on the bottom. The two fundamental essentials 
usually determined and which lead to hydrostatic examination are tem- 
perature and salinity; once they are found the specific gravity (density) 
follows as a dependent from convenient hydrographical tables. It is 
often desirable to speak in terms of specific volume, it being the volume 
of a body per unit mass, or the reciprocal of the density. If d=den- 


sity, and v=specific volume, then v=7° As an example of the con- 


tractions which are customarily adopted by practical hydrographers, 
we may have given, d=1.02711; this is written, for the sake of 
brevity, 27.11. The corresponding value of v in this case is 0.97361, 
and this is often shortened to a numeral of only three digits, 
viz, 361. The greater the specific volume at any point the lighter 
the water is there. 

If now we return to our vertical section in the sea and connect all 
points wherein the water particles have the same specific volume for 
differences of every 10 units of the latter, we obtain a number of lines 
called isosteres running throughout the profile. An isoster is a line 
all points along which represent like values of specific volume; an 
isosteric surface merely increases the consideration to the two dimen- 
sions of an area. An isosteric surface may be visualized as spread 
out beneath the surface of the sea—an undulating floor whose depth 
can be determined with the same reality as the more tangible floor 
of the ocean is sounded out by the hydrographer. 
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THREE GENERAL STATIC CONDITIONS 


There are three general static conditions revealed by vertical sec- 
tions of the ocean arranged in accordance with a grouping of rela- 
tive positions of the isosteric surfaces, and with reference strictly to 
the vertical. (1) The water may be found to have the same density 
throughout its column when compression is. disregarded—i. e., 
homogeneous as to temperature and salinity. The specific volume 
in such cases, due to pressure, will necessarily decrease downward, 
thus it follows that the isosteric surfaces will be arranged solely in 
dependence with pressure. Such conditions may prevail at the end 
of winter when vertical convection has attained a maximum in- 
fluence, or in the cases of strong winds which mix the surface layers, 
sometimes to a considerable depth. Such a water mass is homo- 
thermal and homohaline, and thus presents a consequent neutral 
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GRAND BANKS 
CAPE RACE TO TAIL. 


Fig. 1.—A type of stratified water mass found over the Grand Banks south of Newfoundland. 
The boundary of discontinuity between the two distinct layers is shown by the closely spaced 
parallel lines 
equilibrium vertically. (2) When one homogeneous mass of water 
lies over another, then the water is in layers and is said to be stratified; 
it will be found that there are few isosteric surfaces in each layer 
compared with the number between two adjacent layers. An ex- 
ample of stratification often occurs in the column lying over the 
Grand Banks, when a cover of heavy water from the slopes is spread 
over the bottom; above this, and extending to the surface, is a layer 
of lighter, coastal water, maintained more or less homogeneous by 
the turbulent effect of the winds. (3) But the most common dis- 
tribution in the sea is where the density increases proportionally 
‘and more or less regularly with the depth. The water in such cases 
is characterized by numerous isosteric surfaces lying in greater 
abundance at those levels where transitions of density occur; and 
this condition is termed stable. A direct measure of the stability of 
any water column is to be found in the number of isosteric surfaces 
in excess of that contained in homogeneous water per unit increase 
71321—26}——2 
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in depth. The sea above the abyssal water, furthermore (with the 
exception of comparatively restricted places, such as a turbulent 
mixing zone during a gale), is in a condition pronouncedly stable. 
Winter cooling of the surface layers, it is true, sets up temporary, 
vertical, convectional currents, but this condition is short lived 
when we consider the entire year’s span. 


DYNAMIC CONSIDERATION OF A WATER MASS 


In support of what has just been remarked, we might continue by 
regarding a vertical section of a stable water mass devoid of 
circulation. We will find the densest water rests on the bottom of 
the basin; the lightest water on the surface; and the isosteric surfaces 
will be exactly horizontal. If now a water particle from a bottom 
layer be shifted to the surface it will begin to sink to the isosteric 
sheet from which it was removed. A surface particle, just as truly, 
if submerged to the bottom will tend to rise and return to its former 
level. But if a sample be taken from one position to another posi- 
tion, all within the same layer, then there is no force giving rise to 
its return. It is obvious from this that water particles resist any 
tendency toward removal from their own particular isosteric sheet, 
but may move freely within such, if friction does not hinder the 
motion. 

Every motion may be regarded simply as a displacement of masses, 
therefore a study of various types of distribution of mass in the sea 
is bound to reveal a vast deal regarding the currents, and in this 
respect the extreme importance of isosteric bounds governing the 
movements of the water particles can not be over emphasized. It 
will be seen, therefore, in the light of further remarks that once we 
have determined the general contour of the isosteric surfaces we have 
gained an insight, not only of the direction in which the water is 
moving, but also a measure of its relative rate of flow. The well- 
known principle of Archimedes is of great assistance in clarifying 
the components of the forces due to varying densities. 

Let-us again regard in profile a vertical section of any body of sea 
water wherein a distribution of density prevails from which dynamic 
variations may easily follow. Such a case may arise, as we have 
pointed out, as an effect of either one of two classes of forces. (See 
internal and external forces, page 1.) For example, imagine thatthe 
ocean has absorbed and mixed heat unevenly during the summer, 
causing the water to become lighter in a zone over a shallow coastal 
shelf than the water farther offshore; or perhaps an abnormal per- 
centage of onshore winds have amassed a quantity of light water 
from the surface layers against a coast. Here, then, class (1) or 
class (2) forces have produced similar results which can best be ex- 
amined by recourse to a vertical section normal to the coastal trend. 
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In Figure 2 the oblique lines are isosteres which have been formed 
by the intersection of the vertical plane of the section with the 
isosteric surfaces running through the water mass. The space 
between any two isosteric surfaces is called an isosteric sheet. The 
uppermost isosteric sheet on the left-hand side of Figure 2, in wedge- 
shaped form, bounds the body of lightest water that has accumu- 
lated against the coast. Now the water in the deepest portion of this 
isosteric sheet ‘‘A” is specifically lighter than the water at the same 
level in any of the other isosteric sheets, so according to the Archi- 
median principle this portion of sheet “A” will tend to be driven 
bodily upwards. The water in the highest portion of sheet “B” is 
specifically heavier than the water at the same level of the inshore 
sheet, and thus it will be dragged downwards. It is plain to see that 
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Fic. 2.—A vertical profile of a water mass showing a distribution of light and heavy 
water and dynamic tendencies which would prevail in such a state 


there are forces tending to turn all the isosteric sheets into a hori- 
zontal position, and the greater the obliquity of the isosteric surfaces 
the greater the forces tending toward the leveling process. The 
water particles themselves, however, as a result of these stresses, 
will be forced from the thicker portion of the isosteric sheet to the 
thinner portion of it, the particles tending to keep, for reasons as 
pointed out in a previous paragraph, wholly within their own re- 
spective layer. When the sheets have attained a mean uniform thick- 
ness, then the isosteric surfaces have resumed the horizontal, dynamic 
equilibrium is established and circulation ceases. 

The causes provoking currents were divided, it will be recalled, as 
being due to two classes of forces—yviz, internal and external. The 
distinction between the two rests mainly on the manner in which 
energy is transmitted to the sea. This conception should be clearly 
understood. 

(1) Internal class of forces refers to those agencies, the effects from 
which appear forthwith to alter the internal character of the water 
mass itself. This results in varying the distribution of density. 
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An example has been given when, by the absorption of heat, the 
water becomes lighter over a coastal shelf in summer. 

(2) External class of forces can not possibly produce the slightest 
physical change in the character of the water particles themselves 
(when the turbulent effect of the wind is disregarded), but either 
they directly drive the water particles in a current or they deform a 
water mass that is qualified by boundary conditions. The latter 
type. similar to (1), tends to vary the distribution of density in the 
sea; an example has been given in the case of an onshore wind piling 
up the lighter surface water against a coast. 

Thus we may sum up the distinction between the two classified 
origins of currents—viz, class (1) forces tend to alter the physical 
character of the sea water while class (2) forces tend either (a) to 
move the water particles in a current or (6) to deform eventually a 
given water mass. 


THREE VARIABLES IN THE SEA 


It is best to begin by treating the distribution of density in the 
light of mechanics and physics. We may regard each type as being 
a field of strain inherent to the mass itself, an effect of stresses, the 
fields of which in the sea can be treated when expressed in terms of 
three variables classified as follows: (1) Gravity, (2) pressure, (3) 
specific volume. Let us examine each one of the three variables 
separately and their combinations as they lead to dynamic measure- 
ment of currents. 

First, however, it will be helpful to review some of the fundamen- 
tals elementary to a physical science. The three fundamentals in 
physics are MASS, LENGTH, and TIME, represented by the letters YU, L, 
and 7’, respectively, and in these terms we may express any form of 
physical phenomena belonging to the sea. If a length, which is the 
most tangible of the three, be squared, the result is an area; if cubed, 
a volume. L=length, [*=area, L?=volume. If we consider any 
mass with respect to unit volume we then are determining density, 


or a= = ML-*. But inversely, if we contemplate a volume with 


respect to unit mass, the result is termed specific volume, or 
3 


ERAT! . 
to a consideration of motion called velocity, or C= m= LT, con- 


=I? M-'. If we divide a length by a time then it gives rise 


tinuing to divide a velocity by a time (rate of rate of motion) is called 
acceleration or a= 7 = =LT-. A force is that agent which gives 
motion to a mass. It is expressed in a measurement which considers 
the mass relative to its rate of change of motion—i. e., acceleration. 
K= Ma; but substituting a=LT~*, we get k= MLT~. If Mis 
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unity then we see that the force is equal to the acceleration. The 
force per unit mass is called the accelerating force. The most com- 
mon natural force is that of gravity, and is expressed, of course, like 
other forces, in relation to a mass—e. g., k= M g—-where g is the rate 
of change of motion (acceleration) of a falling body. Work is con- 
sideration of a force and length; w=k L, but substituting for & its 
value MLT-?, we get w= ML?T-*. Work may also be spoken of 
in other forms as energy or potential—viz, the ability to do work. 
There is another force which enters hydrodynamics—namely, pres- 
sure—and it is defined as a force with respect to an area, or 


p=h= ML-'T-?. The pressure at any depth in the sea is equal 


to the weight of a column of water of unit depth / with respect to unit 
area, or p=qgh. But substituting g= ML, g=LT~, and h=L, we 
get p= ML"'T~. 

The distribution in space of the value of the variables in the sea— 
viz., gravity, pressure, and specific volume—may be represented by 
a series of equiscalar surfaces. Those of gravity are known as equi- 
potential surfaces; those of pressure are called isobaric surfaces; and 
those of specific volume, isosteric surfaces. The space between two 
successive equiscalar surfaces is called an equiscalar sheet. If we 
construct the equiscalar surfaces for unit differences in numerical 
value of the quantities in question, then we obtain unit scalar sheets. 
For example, the differences between equiscalar surfaces of poten- 
tial corresponds to equiscalar units of work. 


GRAVITY 


Let us contemplate this force apart and alone with respect espe- 
cially to the envelope of water which surrounds the earth. We may 
imagine that all the equipotential surfaces throughout an ocean’s 
mass are level, then the surface of such a sea must also be exactly 
level, and a line to the center of the earth, with an attractive force to 
that point, called gravity, will plumb exactly perpendicular. Every- 
where in such a sea gravity will exert a pull at right angles to the 
equiscalar surfaces, and the sea surface itself will be an example of a 
level equipotential plane. Such a motionless state is represented by 
Figure 3, (a), page 8. For the purposes of measuring and coordinating 
the accelerating force exerted by gravity in the hydrosphere, we shall 
endeavor to construct a series of concentric equipotential spheroid 
surfaces, each one separated by equipotential unit sheets. The thick- 
ness of such sheets will vary with the latitude, and in our particular 
subject (the sea) with the depth. The fundamental basis for fixing 
the relative position of equipotential surfaces in the sea, rests, of 
course, upon the presence of an attractive force which exists between 
the earth and the water masses on it. 
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A free-falling body, regardless of time or its velocity of descent, 
will be continuously accelerated at the constant rate of about 10 
meters per second. For the purpose of measuring forces in the sea 
we wish to construct a series of coordinate equipotential surfaces, 
not merely a linear distance apart, but separated by a difference 
equal to 1 unit of work. Since gravity accelerates a free falling mass 
about 10 meters, it performs a unit amount of work, not in 10 meters, 
or even 1 meter, but in one-tenth of a meter, and this unit is recog- 
nized as the unit distance fixing equipotential gravity surfaces, always 
measured along the plumb. A unit of work, therefore, is definitely 
fixed and unalterable, it being, in the meter-ton-second system of 


units, the amount of work equivalent to raising 1 ton vertically ? 


or about one-tenth of a meter. 

The unit work-length—viz, one-tenth of a meter (decimeter)—has 
been called by V. Bjerknes, who first used it, the dynamic decimeter; 
the other multiples being named dynamic meter, dynamic centi- 
meter, etc. It is obvious that this new measure has all the equiv- 
alents of linear measure but is restricted in its use solely to the 
vertical. The dynamic depth of any point is not the common linear 
distance of this pomt below the surface of the sea, but it is a direct 
statement regarding the amount of potential or work inherent to 
that point relative to the sea surface. 


REST. MOTION 
(a) ty 
Fic. 3.—The two states of ‘‘rest”’ and ‘‘motion”’ considered with regard to the position of the sea 
surface. (a), ‘‘rest,’’ all equiscalar surfaces, including the sea surface are level, and the entire force 
of gravity is directed as a component perpendicularly downward; (0), ‘‘motion,” the equiscalar 
surfaces, including the sea surface, are tilted, which gives rise in such surfaces to a component of 
the force of gravity and causes a movement of the water particles 
We have considered a motionless sea, and its equipotential surface. 
Suppose, on the other hand, we regard a sea surface not level; let us 
say, raised near the coast by a wind pressing the water masses up 
the inclined, continental slope. Now the sea surface being no longer 
level is, by definition, no longer of equal value potentially, and grav- 
ity exerts a component in the plane of the sea. Here we have the 
birth of a current. The size of the component force is directly pro- 
portional to the obliquity of the surface, the two conditions, “‘rest”’ 
and ‘‘motion,” being graphically illustrated in Figure 3. 
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Tf D in Figure 8 (6) is the distance in dynamic decimeters between 
two points in the sea, and A is the unit vertical distance in common 


_ meters, then D=g h, where g is the acceleration of gravity. In 


(0), if we know the difference in dynamic depth units (the number of 
dynamic decimeters) between any two points, A and B in the sea, 
this number will be the same as the gravity potential released by a 
unit water mass flowing from A to B. Expressed geometrically we 
have from the figure, two points A and B between two level surfaces 
M and N, the two latter of which are h decimeters apart. The angle 
between line LZ and the planes M and N is called a 
w=Lsina g=h g=D. 

where D=difference between M and N in dynamic decimeters, and 
a is so small in all cases that sin a may be put equal to a. 

Let us, before passing on to a discussion of pressure, glance at the 
more exact values of acceleration due to gravity at various points 
on the earth, and also determine the corresponding values of potential 
expressed in dynamic measure. The attractive force of the earth, g, 
increases both with the latitude and with the depth in the sea, 
therefore the distances between equipotential unit surfaces—i. e., 
the dynamic decimeters—-will be longer at the equator and near 
the surface of the sea, where g is comparatively small, than at the 
pole and near the bottom where g is comparatively large. In the 
meter-ton-second system of units a free falling body will accelerate 
approximately 9.8 meters in one second, therefore the dynamic deci- 
meter, or unit of gravity potential, will be equal numerically to the 
reciprocal of this value, or 1.02 common decimeters. Stated inversely 
one common decimeter equals 0.98 dynamic decimeters. Simply 
multiplying units by 10 give results in terms of ordinary meters and 
dynamic meters, both of which are of a magnitude most convenient 
for practical investigations in hydrodynamics. 


PRESSURE 


Pressure is defined as a force, the intensity of which may be repre- 
sented at any depth by the weight of a column of water of unit area 
extended vertically upwards to the surface. The force of pressure, 
though present at every point in the ocean, does not actually manifest 
itself as an active agent until we extend our consideration to two 
points and the difference of pressure arising. This statement, of 
course, holds true more or less for all forces, but it seems worth re- 
marking here, as sea pressure, to most people, is an effect difficult to 
comprehend; yet a difference in pressure, such as exists when a 
hollow sphere is submerged in the sea, immediately becomes tangible. 

Let us take, for example, the motionless ocean in which we con- 
structed a system of equipotential surfaces 1 dynamic decimeter 
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apart (about one-tenth of a meter) and calculate the pressure per 
unit area on such a plane at a depth of about 1 decimeter. The pres- 
sure of the atmosphere being subject to comparatively slight and 
compensating variations can be totally disregarded throughout 
hydrodynamic works. (See p. 45.) We have given by definition 
values of pressure = weight per unit area = 


area, height, density, acceleration of gravity. 
area 


Since the area values cancel, we have 
pressure=h g @. 


But it has been determined that g h=D, where D equals 1 dynamic 
decimeter. 
Substituting: ri 

p=qD 
Now it remains to find a suitable system of units of pressure based 
upon the value equal to a water column 1 dynamic decimeter high 
and possessing a mean density q. 

The most common example of natural pressure with which we are 
familiar is that of the atmosphere. It has been a practice, long 
established, to balance the perpendicular column of the atmospheric 
envelope against an equal cross-sectional area of mercury. This is a 
well-known experiment of any physics laboratory in which mercury 
has come to be adopted because of its great density; other liquids 
being forced to too great a height by the balance. We employ exactly 
the same equation, of course, as evolved in the case of a motionless 
ocean; in fact, we might imagine finding the pressure at various 
depths in the sea, theoretically, by means of a balanced column of 
mercury. 

Tt has been found that at 0° C. and 45° latitude at sea level, the 
normal height to which mercury is forced by the ever pressing air 
envelope, is 0.76 meters, sometimes termed an ‘atmosphere.’ 
Since the acceleration of gravity at 45° latitude is known, viz, 9.8 
meters, and the density of mercury at 0° C. is 13.59, let us calculate 
the pressure p in meter-ton-second units—i. e., the system upon 
which previous dynamic figures have been based. Substituting in 


p=qgh, we have p=13.59 X 9.8 X 0.76 =101.218. 


VY. Bjerknes has used this quantity of 101.218 as a guide in deciding 
upon the value ascribable to p. He has selected as a unit suitable 
for hydrodynamic computations, the nearest integral number of 
10 to 101.218, viz,.100, and has called this a bar. A bar is approxi- 
mately the pressure exerted by a column of water 10 meters in height; 
therefore the pressure of 1 meter of water is very nearly equal to the 
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pressure of 1 decibar. We should note the coincidence that 1 meter 
below the surface the gravity potential is very nearly 1 dynamic 
meter less, and the pressure 1 decibar more. 


a =G) ID) Goes ocx way eam Ort Cleon ove Manse y se ee eee ete 2 (C) 
D=>p .... im terms of dynamic meter units_____-._._-_--_-(b) 


In order to show the close coincidence existing between dynamic 
units and pressure units of this system for increasing depth, we may 
regard the various values for the three arguments, viz, common 
meters, dynamic meters, and decibars, as they exist in a sea of 0° C. 
temperature, and 35 per mille salinity. 


ea ey 
Decibars -_| 100 | 200 | 300 400 | 500 | 600 | 700 | 800 | 900 | 1,000 | 1, 200 | 1,400 | 1,600 | 1,800} 2,000 
Meters__-_| 99 | 198 | 298 | 397 | 496 | 595 | 693 | 792 | 891 990 | 1,187 | 1,385 | 1,582 | 1,779 | 1,975 
Dynamic 

meters___| 97 | 194 | 292 | 389 | 486 | 583 | 680 | 777 | 874 970 | 1,164 | 1,357 | 1,551 | 1,744 | 1,936 


It will be seen from the foregomg that under conditions as specified 
there is a difference of about 1 per cent between a depth expressed 
in pressure decibars and that expressed in common meters. This 
difference becomes even smaller under natural conditions prevailing 
on the earth, and thus being so insignificant, when contemplating 
the horizontal extension of ordinary sea areas, permits us, with the 
same number, to express a depth either in common meters or in 
decibars. The difference between dynamic meters and common 
meters averages about 2 per cent, and between dynamic meters and 
decibars about 3 per cent, and these are of a magnitude that can not 
be disregarded. 

The two foregoing equations (a) and (b), in the case of equili- 
brium, expresses as simply as possible the relation existing between 
grayity potential, pressure, and specific volume. Thus it follows 
that we may by (a) find the pressure in decibars at a given dynamic 
depth, or by (b) the dynamic depth of a certain given pressure. 

We have already described the equipotential gravity surfaces and 
the potential sheets with a thickness of 1 dynamic meter. Now 
the surfaces of equal pressure are given, called isobaric surfaces, 
which are separated by isobaric sheets 1 decibar thick. It is seldom 
that we have under natural conditions a motionless water mass, 
and so then it will usually be found that isobaric and level surfaces 
intersect. In other words, an isobaric surface contains varying 
potentials of gravity, and a level surface, in like manner, contains 
many baric variations. The intersections of these two surfaces may 
be considered as lines of the one inscribed on the plane of the other, 
accordingly as we employ equation (a) or (b). If the lines of inter- 
section are considered inscribed on the level surfaces, they are 
isobars, and the chart is similar to the ordinary meteorological charts 
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which show the distribution of pressure. But if we employ equa- 
tion (b) we must represent the result as dynamic isobaths inscribed 
on an isobaric surface and drawn—e. g., for unit differences of 5 
dynamic millimeters. Such a method of representation corresponds 
to that of a common topographical chart, but the contour lines on 
a dynamic chart instead of showing ordinary, linear heights, show 
levels of equal potential’ A dynamic topographical chart of a 
certain isobaric surface is the most approved method employed in 
modern dynamic oceanography to map ocean currents. 


APPLICATION OF DYNAMIC UNITS 


The number of unit equipotential sheets found in an isobaric 
sheet between two different station verticals represents a certain 
amount of potential energy existing between the two verticals. 


Fic. 4.—A vertical section through a sea basin and including the two stations A and B, with the 
respective points C and D separated by the distance L. C and D are at a depth of p decibars 
below the surface 


Figure 4 shows a section through a sea basin which includes two 
stations, A and B. The horizontal lines represent the intersections 
with some equipotential surfaces, and the oblique lines the inter- 
sections with some isobaric surfaces. The dynamic distance from the 
sea surface to the isobaric surface of p decibars is d, at station A, 
and d, at station B. According to equation (b) we have: 


dy = Pb Vp 
da =Pa Va 
But pa= Pp 
and therefore 
da—dp=p (Va—Vp) . . . . In terms of dynamic meters -- -- ------(c¢) 


d,—d,» represents the difference of potential energy, due to gravity, 
between the points D and C in Figure 4. This energy may be con- 
verted into work, d,—d,=k L, where kis a force and Lis the distance 
between the two points. Hence the force per unit mass due to gravity 
may be expressed 
k da—d»y _P(Va—Vd) 
L L 


ane. 
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DEPTH AT WHICH GREATEST OBLIQUITY OF ISOBARIC SURFACES 
OCCUR 


It is important to distinguish where the greatest obliquity of the 
isobaric surfaces prevail in an ocean mass. Dynamic measurements 
and pressures have been considered as being laid off from the surface 
of the sea downwards on the assumption that the sea surface is always 
level—an equipotential surface. This premise demands considerable 
revision, as we shall see, in the light of the following facts: 

As aresult of compiled oceanographic observations, it is well known 
to-day that the greatest variations in temperature and salinity of the 
water take place in the upper levels of thesea. In the North Atlantic, 
for example, below depths of 3,000 meters there is little variation, as 
we proceed from place to place, in the temperature or the salinity. 
Now, if we regard two stations with widely differing specific volumes, 
we shall generally find that their difference decreases more or less 
rapidly with an increase in depth, and gradually approaches a constant 
or zero. Where the water is light we shall observe a relatively low 
pressure in decibars at a certain dynamic depth, or conversely at a 
given observed pressure in decibars, the dynamic depth will be least 
where the water is heaviest. In view of this natural state of the 
ocean, if the sea surface be level, then the obliquity of the isobaric 
surfaces must increase downwards and the maximum of forces and 
currents would be relegated to the greater depths, a condition which 
we know is contrary to fact. It follows alternatively that at an 
appreciable depth below the surface there will generally be a sheet 
where motion most nearly approaches zero and where isobaric, 
isosteric, and equipotential surfaces are parallel. It follows, further- 
more, that above such a motionless plane, the water, over any 
given horizontal extent, lies at the greatest height (the surface of 
the sea highest) at that place where the water is the lightest—i. e., 
the specific volume the greatest. 

We should endeavor to select from a group of observations indi- 
cative of a surveyed area an isobaric surface which in itself has the 
most nearly equal dynamic depths, thereby sounding out a level or 
motionless plane and which as stated before generally will be found 
to lie at arelatively great depth beneath the surface of the sea. When 
employed as a “bench mark” this surface provides a means of measur- 
ing the currents which usually are present in the upper levels. The 
velocities are determined by a comparison of any two dynamic heights 
measured upwards from the level, isobaric plane to the surface of the 
sea. Figure 5, page 14, shows in exaggerated form the obliquity of 
the sea surface, and also the other isobaric surfaces of observation as 
they lay May 5-7, 1922, south of the Grand Banks, between stations 
206 and 201. The state of relative obliquity is based upon the 
assumption that the maximum depth of observation, the 750 dec.bar 
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surface, was a level plane. Other observations in this locality indicate 
that the 750 isobaric plane, however, is not always level, but a 
motionless state probably lies at some greater depth. The depth of 
750 decibars, nevertheless, approaches most nearly to the level where 
absence of motion may prevail of any depth of which the International 
Ice Patrol records; therefore, it has been employed in this paper as 
an illustration of the most accurate base upon which to calculate 
surface currents in the vicinity of the Grand Banks. 


B06 205 204 203 202 201 
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Fic. 5.—The decrease in obliquity of observed isobaric surfaces with the observed increase in depth 
and based upon the assumption that the depth of 750 decibars was a level plane in which no motion 
prevailed. The figure includes a line of stations, 206 to 201, taken by the International Ice Patrol 
south of Newfoundland May 5-7, 1922 


The position of a level surface depends solely on the acceleration of 
erayity. Also, it has been pointed out that the depth to an isobaric 
surface depends not only upon gravity, but upon the specific volume 
of the overlying masses. Since we have already discussed gravity, let 
us now turn to the remaining term, specific volume. 


SPECIFIC VOLUME 


Pressure per unit area depends upon two variables, gravity and 
specific volume, but gravity being a more or less constant force, the 
agency which exerts the greatest influence to vary the pressure 
throughout the sea is specific volume. Specific volume has been 
defined as the volume of unit mass of any body. It is simply the 
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reciprocal of the specific gravity and is chosen in preference to the 
density because its value leads to the simplest method of dynamic 
calculations. It is, in such cases, combined directly with other parts 
of the term pressure, and furnishes a result in terms of gravity 
potential. (See equation (b), p. 11.) 

In the depths of the sea observations are not made directly of spe- 
cific volume, but it is obtained only after first finding the temperature, 
salinity, or density at a given temperature, and then correcting for 
the particular depth below the surface at which the observation was 
made. The temperature is, of course, a direct instrumental obser- 
vation. The salinity is calculated ordinarily by determining the 
chlorine content of the sample and substituting in Knudsen’s formula: 


s=0.30+1.805 Cl 


The two foregoing characters of sea water have been tabulated by 
Knudsen with regard to corresponding values of density, within the 
range of that normally met in the oceans. 

It is vitally necessary in the course of dynamic computations, 
moreover, to know the specific volume in situ—that is, the actual 
specific volume as it existed at the particular depth at which it was 
found. Thus, after the specific volume has been determined from the 
temperature and salinity, it must be corrected for a third variable, 
viz, compression. It is easy to appreciate that a mass, even such as 
water, becomes more and more compressed the deeper down we pene- 
trate beneath the surface. Naturally, the more compressed a body 
becomes, the denser it grows—i. e., its specific volume becomes in- 
creasingly less. The compressibility of sea water is not entirely de- 
pendent upon the depth below the surface, but it is also influenced by 
the temperature (and to a much slighter degree by the salinity) pre- 
vailing in the water itself. Generally speaking, the warmer and 
saltier is a water mass, the less it can be compressed. Investigations 
have been made regarding the compressibility of sea water at various 
depths under different combinations of temperature and salinity by 
Kkman. (cf. Die Zusammendriieckbarkeit des Meerwassers, etc. 
Pub. de Constance, Copenhagen, 1908. 

In order to construct tables for specific volume in situ, it is neces- 
sary to combine the two previous tables—namely, those of Knudsen 
for temperature and salinity with those of Ekman for compressi- 
bility. It is impossible, however, to arrange one convenient and 
accurate table for specific volume in situ, because of the multitudi- 
nous combinations arising between the three variables, viz, tempera- 
ture, salinity, and compression, as they commonly range in the sea. 
Direct tablulation, according to V. Bjerknes, would require something 
like 256,000 pages of 500 numbers each, if intervals of 0.1 degree tem- 
perature, 0.01 per mille salinity, and 10 decibars pressure were em- 
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ployed as arguments. Helland-Hansen and Sandstrom in ‘‘ Report 
on the Norwegian Fishery Investigations, Volume II, No. 4, Bergen, 
1903,” first provided a way to avoid such a ponderous, unwieldly 
work by calculating, as an initial step, the values of specific volume 
at frequent depths, and covering the normal range of change in com- 
pressibility in an ocean of 0° C., and a salinity of 35 per mille. A 
correction called the anomaly of specific volume is then added to this 
first figure, representing the specific volume of any charactered water, 
but under a similar pressure. According to these arrangements all 
corrections are embodied in a total of four small handy tables. The 
details of this ingenious method of tabulation are also described in 
Bjerknes’, ‘‘Dynamic Meteorology and Hydrography,’’ Carnegie 
Institution Publications, 1910-11. Later table groupings have been 
made and published by Hesselberg and Sverdrup, ‘‘Beitrag zur 
Berechnung der Druckund Massenyerteilung im Meere,” Bergens 
Museums Aarbok, 1914-15. 


GIVEN TEMPERATURE AND SALINITY—A GRAPHIC METHOD TO 
FIND DENSITY 


The specific volume in situ, as determined by the foregoing tables, 
is based upon an initial given density, usually found by means of 
Knudsen’s Hydrographical Tables with addendum. There is con- 
siderable labor attached to interpolating when there are perhaps 
several hundred observational records of temperature and salinity 
which require conversion into density form. The Geo-Physical 
Institute, Bergen, where the writer spent some time, finds it con- 
venient to facilitate such work by the construction of a graph based 
upon the three arguments of temperature, salinity, and density, within 
the range which prevails for the first two in the temperate zones. 
The method possesses such great advantages over the use of the 
tables that it is set forth here for the benefit of future investigators 
who may have to deal with a large number of field observations. 

The construction of the graph is based upon the three formule of 
Knudsen: 


(1) s=0.30+1.805 C7. 
(2) 6.= —0.069+ 1.4708 Cl —0.001570 C? + 0.0000398 CE. 
(8) 6: =24+ (6, + 0.1324) [1—A,+ By; (6, —0.1324)]. 


(For do, dt, t, At, and By, see Martin Knudsen’s, ‘‘ Hydrographical Ta- 
bles,” Copenhagen, 1901.) Density values are plotted as abcisse, 
salinity values as ordinates, and isotherm curves, determined in ac- 
cordance with the fixed relation existing between the three variables, 
run diagonally across the graph., In order to determine the latter 
with a sufficient degree of accuracy, it is necessary to fix definitely a 
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certain minimum number of points, by substituting values in the three 
given equations. As a first step let us substitute a value of Cl. in 
the first equation, which will result in the lowest value in the range 
of salinities which it is desired to span. A few trials indicate that a 
value of Cl. equal to 17.5 gives a desirable value of s equal to 31.618 
per mille, which in turn is substituted im equation (2) furnishing the 
numeral 25.4025 as the value of 6,. This again is substituted in 
equation (3) along with the values for A;, Bi, and =, for every two 
degrees change in the range of temperature known to prevail in the 
particular region which is under investigation. Thus we obtain a 
series of values for a salinity of 31.618 per mille, and in the same man- 
ner, another series of temperature points on the graph using other 
values of salinity, as shown in Table I: 


TABLE I 


| 


Cl Si 50 5o—1324 | 6541324 


17. 5000 31. 618 25. 4025 25.2701 | 25, 5349 
18. 000 32. 520 26, 1267 25.9943 | 26. 2591 
27.0138 | 27. 2786 


5 i - 0 | 29.0638 
20. 482 37. 000 29. 7390 26. 6069 | 28.8717 


Jie, 


The values as tabulated in Table I, upon further substitution, re- 
sult in the following values as given in Table II: 


TasLe II 
Tem- Densities 3 
pera- Sia 
ture 
aoe 2 a b c d e f 


Having determined arguments 1, 2, and 3, we are now provided 
with data sufficient to fix the construction of a graph which in turn 
furnishes a rapid means of obtaining density values from given tem- 
peratures and salinities. 
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TABLES FOR CONVERTING DENSITIES INTO SPECIFIC VOLUMES 
IN SITU 


In order to obtain values of specific volume in situ, Hesselberg 
and Sverdrup have arrived at the following formula: 


6.1077 
745; 103 bot bs,n +5t,p. 


V;, t, Dine 1 
where 6,=density; 6,=density correction for pressures; 63,»=Cor- 
rection for salinity under various pressures; 6;,,=correction for 
temperature under various pressures; V, 4,,=specific volume in 
situ. These four arguments have been arranged in an equal number 
of tables by Hesselberg and Sverdrup, “Beitrag zur Berechnung der 
Druckund Masserverteilung im Meere.”’ Bergens Museums Aarbok, 
1914-15, Nr. 4. The first table representing the value 10°. Teas fe aa - 
is reprinted herewith, and the three tables for the last three terms 
have been combined in one table (Table IV), which makes reference 
much easier and without sacrifice of the requirements of practicality. 
When employing Tables III and IV in the method of computations 
as followed on page 32 it is well to note that the values as carried in 
Table III are from the nature of the equation (shown at the head of 
this page) of a negative character. In Table IV the corrections for 
the three factors, viz, pressure, salinity, and temperature, as they 
affect the specific volume in situ, are combined in accordance with 
signs as indicated at the head of Table IV. An example of the 
application of Tables III and IV is given in the computations for 
two oceanographic stations, 205 and 206, page 28. 


Tas_eE IIT 
6, 10% 
10°. —*-——__, 

1+6,.10 
be 0.00 0.10 | 0.20 0.30 0.40 0. 50 0. 60 0.70 | 0.80 0.90 
2 2344 2353 2363 2372 2387 2391 2401 2410 2420 2430 
25 2439 24. 24. 2468 2477 2487 2496 2506 2515 2525 
26 2534 2544 2553 2563 2572 2582 2591 2601 2610 2620 
27 2629 2638 2648 2657 2667 2676 2686 2695 | 2705 9714 


19 


TasBLe IV 
= - + 
D | Sp |—2°|—1° 19)2°| 3° | 4° | 5°| 6° | 7°| 8°| 9° |10° 112|19°1132|142|15¢|162|172|18° 
| 

a a aa 0 0 

10) 5 0 

15| 7 0 

20] 9 (a 

25] 11 1 

30] 14) | onl 1 

35| 16 oj aj 1) 1 

40| 19 oO! on ay dj 1) 1] 1 

45| 21) 0 Op ae ath ad) al ala 

50| 23) J (1) aaa a) aa ea ah a SNS ay at 

55] 25] 1 Lal) all aa) ai) ala) al) al) ath nt a ala 

60} 27] 1 Gpray ay a ay) aya a) aha ai a ay al 

65] 29) 1 iM a all aa all al] al) al] hal ai 

70) 31) 1 rH ae aa a a a) age 

75| 34} 1 @) a) ay ah al) aay aya) ae a Sl) a ah 

80} 36) 1 oy i] a} 2) a) i) i} 1) a) a) 2h 2} 2} 2) 9) af 2 

85] 38] 1 @) ex) al) al) ah Tel) Sia al aio) ar ol ol a 

90} 40) 1 Of ah ah ah al al al, a alah, ah) a) a) Sil a gi 83 

100] 45) 1 Fy 3} 2} 4} 4} 2} 2) 2) 2} 2) 2) 2 3} 3] 3} 3) 3 

125] 56) i 0 Opt] J} i a) 2} 2] 2} 2) 2] 2} 3] 3) 3) 3] 3) 4) 4) nsainssi 34fus6 
150/ 63} it 0 of] a} a] 2) 2] a} 3] 3) 3] 3} al al 4) 4} 4) 5) 5) =a 
200} 90} 1) Tj 1/ 1) 2] 2] 3] 3] 4! 4) 4! 5) 5] 5] 5] 6| 6] 6] 6] —1/ —1) 0] Oo 
250| 112] 1) 1 1) 1) 1] 2} 3] 3] 4) 4] 5) 5] 6] 6] 6| 7 7 7 8] 8] —1| 1} | oO 
300] 135) 2) 1 1| 2| 2! 3] 4] 4) 5] 5) 6 7 7] 8} 8| 8] 9] 9) 9] 9] —1} 1) 0} 0 
350| 157, 2] 1 1| 2! 2] 3] 4] 5! 5] 6] 7 8] 8] 9} 9] 10} 10) 11) 11) 11; —1/ =i) 0] O 
400| 180} 2| 1 1] 2} 3} 4] 5] 6| 6| 7 8) 9} 9) 10] 13) 11) 19] 19) 13] 13) —2| —1) —1] +1 
450| 202} 2) 1 1) 3} 3] 4! 5! 6| 7z| 8| 9) 10] 10) 11) 19) 13] 13 =}, =i) =i) =i 
500| 225, 3] 1 1/3} 4) 5] 6| 7 8] 9] 10) 11) 12) 13) 14] 14] 15 <3) 9) =il)) ei 
600] 269} 3| 2 2} 3] 5] 6} 7 8] 10) 11) 12) 13] 14] 15] 15] 16) 17 3) =3)| ori! 25 
700| 313} 4) 2 9} 4| 5] 7] 8] 10) 11] 13) 14) 15| 16) 17| 18] 19] 20 3) 3) Stil) Sei 
750| 336, 4| i 2) 4| 5] 7| 9} 10} 12] 13! 15) 16) 17] 18] 19] 20 21 3] 29) 21) 441 
800| 358} 4| 2 2| 4| 6] 8} 10] 11) 13] 14) 16) 17| 18| 19) 20) 21) 23 =4) 9) =3) 441 
900! 402] 5] 2) 5] 7] _9| 14] 13] 14) 16] 18) 19] 20] 22} 23] 24) 26 7) af ii 4 
1,000) 446] 6} 3 3] 5| 7| 10] 12) 14] 16| 18) 20) 21| 22) 23) 25| 27| 29 3) =2)) a) 51 
1,100] 491] 6] 3 3! 6| 8] 11] 13! 16] 17| 19| 21| 23) 24] 25] 27) 29| 31 =) <8) Sri) 441) 
1,200 533] 7] 3 3| 6| 9] 12} 14] 17) 19] 21) 23) 25) 26] 28] 30) 32) 34 =i) 2) )) ee 
1,400] 620 8] 4 4 7| 10] 13] 16] 19} 22) 25) 27| 29| 31) 33] 35| 37] 40 =6] =4) —9} 42 
1,600| 706! 9) 4 4) 8| 12) 15] 19] 22] 25| 28) 31) 33| 35| 37) 39] 42) 45 | =8) 3) See 
1,800 791] 10) 5 5! 9| 13] 17| 21) 24) 28) 31] 34) 37 —8| —5| '—3| +3 
2,000| 876] 11) 5 5|10| 14] 19] 23) 27] 31) 34] 38) 41 —9| —6| —3] +3 


DISTRIBUTION OF MASS 


Jnformation as to the distribution of mass in a free-moving media, 
such as in an ocean, furnishes a direct insight of the dynamic condi- 
tions there. Representation of mass distribution is clearly shown 
by isosteric lines, which in profile form, after all corrections have 
been made, including that of compressibility, is called a dynamic 
section. An example of such is to be seen in Figure 12, page 30, 
which has been constructed from a group of stations taken by the 
International Ice Patrol, 1922, and extended in a line across two cur- 
rents in the ice regions south of Newfoundland. 

The importance of the position of isosteric surfaces as an indicator 
of the motions taking place in a water mass, was pointed out in a pre- 
vious paragraph. Enlargement of this exposition can be continued 
hereby regarding such a vertical section where a system of isobaric 
and isosteric surfaces, by intersection with the vertical plane, divide the 
latter into a set of parallelograms. If we extend the vision to three 
dimensions, then the parallelograms take form as a set of tubes. 
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Since they lie between adjacent isobaric surfaces their continuation 
must cease only by turning on themselves or by meeting the sides 
of the basin. V. Bjerknes has given the name “solenoid” to an 
isobaric-isosteric tube. It is convenient to select as a unit tube one 
included by isosteric surfaces constructed for intervals of 10~> of 
specific volume, and isobaric surfaces constructed for intervals of 
one centibar. Bjerknes has also called attention to the significance 
of solenoids by stating that the measure of the intensity of forces in 
a given vertical sectional area is in direct proportion to the number 
of solenoids running through it. This number depends upon the 
degree of stability and inclination; the greater the stability and the 
inclination, the greater the number of solenoids per unit cross- 
sectional area. 


EFFECT OF EARTH ROTATION ON OCEAN CURRENTS 


Dynamic tendencies of water particles have been discussed purely 
as indicated by mass distribution; now the behavior of such phenom- 
ena are traced in the form of actual motion on, and as qualified by, 
the veering surface of a rotating sphere. 

In order to understand the effect of earth rotation on currents, 
we might begin by studying very closely the absolute movement of 
a fixed body at the pole of a rotating sphere and another similar 
body on the equator. It will soon be perceived that the former 
enjoys a pure centric movement while the latter has a pure transla- 
tory motion, and any intervening point partakes a centric-transla- 
tory path. Bodies at rest relatively to the globe, as also the surface 
of the earth itself, are, strictly speaking, under a phase of centric 
and translatory motion, the relation between the two depending upon 
the geographical latitude. This phenomenon is very difficult to 
comprehend, since all of our senses are trained to accept the earth 
and resting bodies as a stationary base, and these remarks in so 
short a space, can hope to touch generalities only. Those who are 
interested in a detailed exposition of the subject are referred to 
Krummel (cf., Handbuch der Ozeanographie, vol. 2). Also Humph- 
reys (cf., ‘‘ Physics of the Air.’’ 1920). 

As long as all bodies remained in fixed relations, a state of “rest” 
may be said to prevail, by virtue of the fact that no variations from 
the relative positions exist. But distinction immediately arises 
whenever any free motion whatsoever, relatively to the earth, is 
introduced. At any other point on the earth’s surface than along 
the equator, due to the element of centricity previously described, 
divergence takes place between the straight path of a particle due 
solely to inertia, and the movement of other particles held fast to 
the surface of the earth and carried around with it as it rotates. 
This fact was proven years ago when the straight line of motion 
possessed by Focault’s pendulum swinging to and fro soon revealed 
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that the surface of the earth was veering to the left in the Northern 
Hemisphere. It is more natural to regard the inverse perspective— 
that is, the earth and resting bodies as stationary—then the paths 
of inertia are apparently being continuously deflected to the right. 
Earth rotation exerts no effect on a water mass free from circulation 
relatively to the earth, but on the other hand no true conception of 
free-moying currents can be had unless this great. influence is con- 
sidered. In this connection it should be realized, from the foregoing 
remarks on motion on a rotating sphere, that currents can not be 
traced solely to a provocative force at their source, but they are 
only to be observed as a resultant of a force, the effect of which is 
constantly being deformed by the earth “‘sliding” beneath it. If 
a water particle moves solely due to inertia, without being acted 
upon by any force, it will follow a course “‘cum sole” (clockwise with 
the sun). As the latitude increases the tendency which drives a 
water particle to the right of its course becomes more and more 
intensified, and the faster it moves, the greater becomes the quasi 
force tending to deflect it. © 

In order to study this quasi force in detail, it is convenient, similar 
to the procedure employed in the investigation of varying mass and 
pressure (see fig. 4, p. 12) to regard the circulation of the curve in a 
plane between any two verticals. We may take, for example, stations 
A and B (fig. 6, p. 22), with their verticals AC and BD forming the 
plane ABDC. The development of an equation for expressing the rota- 
tion effect demands too great a digression into mathematics and is not 
warranted here, but it has been evolved by V. Bjerknes as equal to 


ds 
Dene 
a) a 
where w represents the angular velocity of the earth, viz, 0.0000729; 
and is the projection of the closed curve of the circulation, as illus- 


trated here by the rectangle ABDC, on the equatorial plane; and 2 


represents the rate of change of the projection on the plane of the 
equator. 

In Figure 6, page 22, if the curve of circulation ABDC, which is 
being investigated, is projeted upon the equatorial plane, it is evident 
that a change of the proportional area is effected only by components 
normal to the plane and not by those tangential to it. Also the 
vertical movements can be considered negligible, since they are in- 
significant as compared with horizontal magnitudes. Helland- 
Hansen and Sandstrom have, by this means, found the value for 
Bjerknes’ equation in terms of the projection on the plane of the sea 


surface 


dsaudowe 
u g@ sn? 
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where ¢ is the projection on the sea surface, and ¢ is the geographical 


latitude. Substituting this new value for = we have 
Sop SID et ee 2c ee 


but Hii 'B'D!'' C'' = (¢— cy) ,L where 


¢) =velocity per second in a given horizontal plane. 
c, =velocity per second in another horizontal plane. 
L =distance between stations. 


Substituting in (d) for the new value = we have 


Qe \sinig' (Coe) Leet 2 eee) 


STATION «A. “ 


Co-C, 


‘ 


Fic. 6.—Lines AA’ and BB’ represent the velocity of the surface current, or co, per unit T; CC’ 
and DD’ indicate the velocity of the current at a greater depth, or c1. The difference in the 
velocity of the two movements is equal to D’”” B’, or co—c1. The movement is assumed to be 
normal to the vertical plane ABDC, which is passed through the two stations A and B. Area 
OC” D” B’ A’, indicated by the symbol c, represents the difference in the change of areas per 
change of T, projected on the sea surface and developed by the progression of the two lines AB 
and CD with the respective velocities co and 


Thus by (e) we are furnished with an expression for the effect of 
terrestial rotation in terms of the latitude; the distance between 
stations; and the difference in velocity of the current between any 
two levels. It is easy to see that if we are able to find some point along 
the verticals where zero velocity prevails, then we have a means of 
expressing the real velocity. It is customary to extend the investi- 
gations to depths where it is believed motionless water lies, and then 
¢:=0, and ¢ is the true velocity on the surface. (See p. 13 regarding 
the obliquity of isobaric surfaces.) 
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RESOLUTION OF FORCES IN GRADIENT CURRENTS 


It has been pointed out in the previous section that the effect of rota- 
tion tended to deflect currents to the right in the Northern Hemisphere. 
This quasi force can be represented by a vector of a certain magnitude 
which lies 90° to the right of the current. If we let the line AB, Figure 7, 
represent a more or less steady current of sufficient size to give the 
water particles a translatory path, then the effect of terrestial rotation 
may be shown by the line AC, Figure 7. Since the rotation effect 
is always present, as represented by the line AC, it follows that the 
only condition under which a current can flow, stream, and be pre- 
served, is fulfilled by a force or system of forces (when friction is dis- 
regarded) which acts equal and opposite to AC, and is represented in 
Figure 7 as the lime AK. AE illustrates the force characterized as 
due to varying mass and pressure, 
and is measured by the equated E 
values of the three variables— 
gravity, pressure, and specific vol- 
ume. It is, moreover, the impel- , 
ling force of such gradient currents 
G@. e., currents resulting from an 
obliquity of equiscalar surfaces) ; 
and it should be remarked here ¢ 
that this dr iving force is to be _ Fic. 7.—A diagrammatic front view showing the 


sought not back along thecurrent’s relative positions of the major elements belong- 
4 fe ing to asteady gradient current. AB represents 

course to a river-like source, but the path of flow of the water particles; AB, the 
it always lies on the right hand position of the forces due to Archimedean tend- 
‘s ‘S) encies which impel the current; and AC the po- 
stretching along the entire extent sition of the quasiforce of earth rotation in a 
of flow. The Gulf Stream, for ex- plane 90° to the right (in the northern hemi- 


5 sphere) of the direction of the current 
ample, as it follows a general path 


acound the periphery of the North Atlantic basin, is energized 
along the shores of Europe (a fact which is just as vital for 
its propagation) as well as receiving propulsion in the Caribbean. 
Where the velocity is relatively great, there the dynamic gradient 
is correspondingly steep, and without such energy distributed around 
Atlantic slopes, the Gulf Stream would directly disintegrate. If we 
divide gradient currents into the forces which combine to give flow 
to the water particles we have (1) dynamic inequalities due to vary- 
ing densities, and (2) the effect of earth rotation, each one of which 
acts in a plane perpendicular to the path of the moving water parti- 
cles. Since (1) and 2) lie in the same plane, and inasmuch as the 
acceleration of the closed curve ABDC (see fig. 6, p. 22) (represented 
by the line AC, fig. 7) has been determined, let us now regard the 
rectangle ABDC with respect to acceleration tending in the opposite 
direction. (Shown as line AH, fig. 7.) 
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It will be recalled that the force of varying mass and pressure 
tending to produce acceleration by equation (b) is equal to 


D=p% 
and the accelerating force in a closed curve ABDC between stations 
A and B, in the plane formed by the verticals AC and BD, is equal to 


da—dy=p Va—Vp). 
Since AC equals AE, (fig. 7, p. 23), we may substitute (e) and obtain 
the following: 
da—dy=p (a—Vp) =2 w sin $ (@9—C1) L.----------@) 
Thus finally we are furnished with an expression which includes the 
forces due to the distribution of mass and pressure tending to accele- 
rate a current moving on a rotating earth, and moreover, it is formed 
of terms which readily lend themselves to the requirements of practical 
oceanography. 
THE PRACTICAL METHODS AND FORM OF COMPUTATIONS GEN- 
ERALLY FOLLOWED IN DYNAMIC PHYSICAL OCEANOGRAPHY 
We may now continue by describing the manner in which the un- 
known terms of (f) are determined by observational data secured 
from a closed curve ABDC in a plane formed by verticals AC and BD, 
between stations Aand B. First we shall regard the forces tending to 


A (STATION 206). METERS OR DECIBARS. B (Station 205), 
& 0 — 


50 ———_—_—_—__ 8. —_---v--- 
125 ——____——_ 8, —---V3--- 
250 —__—_—_—— 8, +] ---Vg--- 
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Fic. 8.—Two verticals A and B at stations 206 and 205, respectively, and with the observed values 
of » and p at depths expressed in decibars or meters as follows: 0, 50, 125, 250, 450, and 750 


accelerate the particles as a result of varying degrees of stability in the 
water columns of any given area. The abstract exposition, further- 
more, has been supplemented by a practical example wherein stations 
A and B are replaced by stations 206 and 205, respectively. (See com- 
putations, p.28.) These stations were taken by the International Ice 
Patrol in 1922, the sectional line forming approximately a right angle 
with the northern edge of the Gulf Stream south of the Grand Banks. 


25 


Tt is assumed that the specific volumes in situ have been calculated 
from the tables, as based upon the temperature and salinity records 
from the observed depths, viz, 0, 50, 125, 250, 450, and 750 meters. 
The values of p are, for all practical purposes, equal to the depth in 
meters—that is, at a depth of 750 meters the pressure is 750 decibars 
(see p. 11). In order to compute as accurately as possible the value 
of D (the dynamic depth) for the vertical AC, it is necessary to 
consider the change at frequent depths which occurs in the value of v 
(the specific volume). In order to comprehend the method of mathe- 
matical computation customarily followed, e. g., p. 28, it will be help- 
ful to regard Figure 9. 


fo) WM “My Ve Mo 
Fic. 9.—A graphic means of illustrating the mathematical integration 


customarily employed in computing the dynamic depth to a given 
observed pressure beneath the sea surface 


The area MNPO (assumed equal numerically to D,) is formed part- 
ly by the curve NP, which represents varying values of v, and the 
side MO, which indicates the scale of pressure. The value of D,, 
therefore, represented by the area MNPO is equal in value to the 
sum of all the smaller areas d,, d,, d,, d,, and d;. The area d; (and 
the values of all the other small rectangles in similar manner) may, 
with sufficient accuracy, be put equal to 


(42%) 
VU 


De= (%5")dps + (*5™)dpa+ (5 dpa + (*S™ apa + (Sp, 


which equals the value of the gravity potential, relatively to the sea 
surface, expressed as a depth in dynamic meters at which the pressure 


or 
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of 750 decibars prevails. Other verticals are computed in a like 
manner and 


Dey, SND 


which represents the value of the force tending to produce acceleration 
of the water particles in the plane of the closed rectangular curve 
ABDC. The direction in which the force tends to act may be deter- 
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Fic. 10.—Distribution of specific volume in a section south of Newfoundland May 5-7, 1922, and also a cross-sectional view 
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204. 


205 


of the solenoidal tubes, each complete parallelogram of which represents the presence of 400 solenoids. Horizontal scale, 


1; 2,000,000; vertical scale, 1: 5,000 


mined by the relative values of v, the water being forced upwards most 
pronouncedly at that vertical where the values of v are a maximum. 

Itiscustomary and of assistance in dynamic investigation of an ocean 
mass to represent the distribution of specific volume, as found by act- 
ual observations, graphically in vertical projection, the pressure in 
decibars being shown as ordinates in the graph. Figure 10 includes a 
line of signe: 201 to 206, taken from he records of { the International 
Tce Patrol, and furnishes an example of such a method of illustration. 
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In this particular figure the horizontal lines have been drawn for 
every 20 decibars. The curved lines represent lines of equal specific 
volume and are drawn for every 20 units in the fifth decimal place 
of v. In Figure 10, v' means 10° (v—0.97000). Since a solenoid 
is formed by the intersection of isobaric surfaces with isosteric 
surfaces, it is not difficult to see that a vertical plane, such as illus- 
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Fic. 11.—An effective illustration of the distribution of solenoids and the dynamic tendencies in a vertical section taken 


@) 
10 
fe) 
N 
+ 
ie} 
nN 
® 


ROS 


approximately at right angles to both the Gulf Stream and the Labrador Current south of the Grand Banks, May 5-7, 
1922. Each whole dot represents 400 solenoids, which gives approximately 50,000 solenoids for the Gulf Stream as repre- 


sented by the black circles, and about 12,200 solenoids for the Labrador Current as shown by the white circles. 
current of the Gulf Stream is represented as flowing perpendicular to the plane of the paper toward the reader and the 


Labrador Current in the opposite direction. Horizontal scale, 1: 2,000,000; vertical scale, 1: 5,000 
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trated in Figure 10, page 26, will intersect the solenoidal tubes form- 
ing a number of parallelograms, each one of which indicates the 
presence of 400 solenoids. 

The distribution of forces tending to produce acceleration in such a 
vertical section may be further emphasized by erasing all the isobaric- 
isosteric lines after the location of the centers of the parallelograms 
have been marked out. This method of illustration is shown in 
Figure 11. 
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Where the isosteres lie deepest and the inclination is greatest, 
there is indicated at that place a tendency to push the water upwards 
with a maximum strength, and where the isosteres lie highest, there 
the force is at a maximum tending to drive the water downwards. 
But whatever the position of the isosteres may be, it is well to bear 
in mind that when the section lies at right angles to the direction of 
the current, there is no actual movement of the water particles within 
the vertical plane whatsoever. The value of the solenoids les in 
the fact that they express the presence of a force or forces tending to 
cause circulation around the rectangle. The Ferrelian force (effect 
of earth rotation) precludes actual movements restricted solely parallel 
to the current path AB, Figure 7, page 23, as previously described. 


DETERMINATION OF DYNAMIC DEPTH, STATIONS 205 AND 206 


We may continue to treat the Ice Patrol records of stations 201 to 
206 dynamically, by computing the values of specific volume from the 
given station data and correcting the same to specific volume in situ; 
then, by means of the equation on page 25, determine the dynamic 
depth of the successive isobaric surfaces of observation. In order 
simply to illustrate the methods customarily employed, we have 
selected two stations only, stations 205 and 206 located on the 
northern edge of the Gulf Stream south of Newfoundland. Similar 
procedure and similar results follow, of course, in like manner from 
other given station data. 


Meter Table| Table Mean|,,; _ (E— (Vv— 
OP lgepth| ¢ | § | de | a | av | = | 3, emp] 2 E | B)108| V2 | -viyr08 


STATION 205 


50} .0|.5-7| 38.93] 26.77| 2607) 01 2807550 | yair9s|---=--e- 0 -| 0 |.97393| 129 
5O| 50] 12.0) 35.31| 26.85] 2615] 22| 2637/2022 | 1381125\""731195) 48, 68875) . 06225] 97363] 121 
153] 125] 10.1) 35.16] 27.07] 2635] 53] 2aas/208?- 9) AaNG87) 330812/121. 60188) . 14676| 97312] 104 
22> 250] 6.7 35.00| 27.48} 2674| 109] 2783//3>- 2) 34788) g72750.243. 27250] . 25251] .97217/ 65 
200 450] 5.4! 35.04, 27.68] 2694) 197] 2891/0370) 287900 yo4o1501437. 59850] . 36501| .97119) 47 
750| 4.6) 35.01] 27.75] 2700| 327] 3027|79°°- 2127850)728. 72150) .50201| .96973| 44 
STATION 206 

¥ o| 18.1) 36.21| 26.18) 2551] 0] 2551)onn0 = he 0 o | .97449] 185 
30/50] 18. 0| 36.33] 26.31) 2564) 22] aag6)2068: 2) 178825)" jo8455) 48, 71750] . 09100) . 97414] 172 
152] 125] 16.3) 36.11] 26.55] 2587) 50] 36a7/zort- >| 195852) go4pe7itar. 75713] . 21201 .97363| 155 
125) 950] 12. 9| 35. 56| 26.86] 2616) 106] 2722/2670 5| 338037) g5qppaln43. 40776] . 38777| .97278| 126 
200| 450] 9.2] 35. 12) 27. 20| 2648) 193) 2841/2781 5) 255500, yo157p4l437, g4276] . 60927] . 97159) 97 
750| 6. 6| 34.95] 27.46] 2672| 323| 2995|7928- 2091524/729, 08476) .86527| 97005] 76 

| 

| 
Col. 1} Col.2} Col.3} Col.4) Col.5| Col.6) Col.7| Col.8} Col.9} Col.10) Col. 11) Col. 12 Col.13) Col.14) Col.15 


The abbreviations appearing at the top of the columns in the pre- 
ceding compilation of computations are explained as follows: 

Column 1 (dp) represents the difference of pressure in decibars of 
successive observed depths, which for all practical purposes is equal 
to the differences in depths of observation in meters. 

Column 2 contains the depths at which observations were made. 
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Column 3 (t) contains the observed temperatures. 
Column 4 (s) contains the determined salinity. 
Column 5 (d;) contains the density as found directly from the tem- 


perature and the salinity. 


(Contraction adopted, see p. 2.) 


Column 6 (Table III) is a form of inversion table combined with 


other corrections (see p. 18). 


Column 7 (Table IV) contains the combined corrections with due 
regard to signs for the three factors, pressure with depth, with tem- 
perature, and with salinity (see p. 19). 

Column 8, contains the values of (1—v) 10 *, where v represents the 
specific volumes i in situ. 

Column 9, contains the mean values between the successive depths 
of observation as they appear in column 8. 

Column 10, contains the product of the values as contained in col- 
umn 9 and the difference of pressure in decibars as shown by column 1. 

Column 11 (22) contains the results obtained by adding progres- 
sively the successive ciphers as contained in column 10. Values from 
columns 6 to 11, inclusive, are negative throughout. 

Column 12 (EK) contains the calculation of the dynamic depths of 


the observed isobaric surfaces. 


umn 2 with those in column 11. 

Column 13 (K—E;,) 10° contains the anomaly of the dynamic depth 
of observation—i. e., it represents the difference in dynamic depth 
between the isobaric surface actually observed and the position of the 


same isobaric surface in a sea of 0.0° C. and 35 per mille salinity. 


Found by combining values in col- 


Column 14 (V) 10° contains the specific volume in situ, or one 
minus the value as contained in column 8 multiplied by 10°. 

Column 15 (V—Vj,) 10° contains the anomaly of specific volume in 
situ, or, in other words, the difference in specific volume in situ as 
found from that at a similar depth in a sea of zero degrees Centrigrade 
and 35 per mille salinity. The values for the dynamic depth (D,) and 
the specific volume in situ, (V,), as found in an ocean of zero degrees 
Centigrade and 35 per millesalinity, are given in the following table, 
Table V. The selected depths recorded therein are the same as those 
previously carried in Table IV. 


TaBLe V* 
E,=dynamic depth in sea 0° C.,35 per mille. V,=specific volume 
in sea 0° C., 35 per mille. 
Deci- | \  ||Deci- Deci- | Deci- 
bars Ei Vi |! pars Ey Vi |! bars Ei vi bars Be iva 
0} 0 | .97264 |] 50 | 48.62650 | .97242 |] 125 | 121.54512 | .97208 || 700 | 679. 74949 | . 96951 
5| 4.86315 | . 97262 55 | 53. 48854 | . 97240 150 | 145. 84574 | . 97197 750 | 728. 21949 | . 96929 
10 | 9.72620 | 97260 |] 60 | 58.35045 | ‘97237 || 200 | 194. 43849 | ‘97174 || 800 | 776. 67849 | : 96907 
15 | 14. 58914 | . 97257 65 | 63. 21225 | .97235 250 | 243. 01999 | . 97152 900 | 873. 56349 | . 96863 
20 | 19. 45195 | . 97255 70 | 68. 07395 | . 97233 300 | 291. 59024 | . 97129 1000 | 970. 40449 | . 96819 
25 | 24.31465 | . 97253 75 | 72. 93554 | . 97231 350 | 340. 14924 | . 97107 1200 | 1163.95549 | . 96732 
30 | 29.17725 | . 97251 80 | 77. 79700 | . 97228 400 | 388. 69699 | . 97084 1400 | 1357. 33249 | . 96645 
35 | 34. 03974 | . 97249 85 | 82. 65835 | . 97266 450 | 437. 23349 | . 97062 1600 | 1550. 53649 | . 96559 
40 | 38. 90210 | . 97246 90 | 87. 51960 | . 97224 500 | 485. 75899 | . 97040 1800 | 1743, 56849 | . 96473 
45 | 43. 76435 | . 97244 100 | 97. 24175 | . 97219 600 | 582. 77649 | . 96995 2000 | 1936. 42949 | . 96388 


* The values shown are based upon those contained in Table 8H, Bjerknes’ ‘‘ Dynamic Meteorology and 


Hydrography,” 


Carnegie Inst. Pub., 1910. 
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The isosteric lines, Figure 10, page 26, represent in vertical section, 
the distribution of the specific volume in situ (v). But except in 
regions where rapid currents prevail, the lines of equal specific volume 
vary little, especially in the greater depths, from either the lines of 
equal pressure or the lines of equal depth. This is due to the fact 
that the effect of the increasing pressures with the depth more than 
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This is an example of the most approved method of illustrating in vertical profile the dynamic conditions found prevailing 


Fic. 12,—A dynamic section constructed from the values of the anomalies of specific volume (V—Y3) 104 at stations 206 to 201. 
inawatermass. Horizontal scale, 1: 2,000,000; vertical, 1: 5,000 


offset the variations in the specific volume due purely to temperature 
or salinity variations. In order to secure a more striking graphic 
representation of the distribution of specific volume in situ, it is 
customary to draw the isosteres in accordance with the values of 
V—V, (see computations, column 15, p. 28). Although these ciphers 
are of a smaller numerical value than the actual specific volumes, yet 
they provide a greater contrast than the latter, and a section thus 
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drawn is the type most commonly employed for purposes of illustra- 
-.tion. A dynamic section, Figure 12, formed by stations 201 to 206, 
International Ice Patrol, 1922, is shown on page 30. 


VELOCITY—HOW DETERMINED 


We may nowreturn to aconsideration of equation (f), page 24, in order 
to find the velocity of the current between stations 206 and 205, by 
substituting at the same time for d, and d; the values as found at the 
six levels of observation of the two foregoing stations. Since the 
velocity is the term desired, equation (f), page 24, may be written 
in the following form: 

(da — dy) 10° 


(open ian’ <qe- 7 ~~ 8 


where ¢m=41°—10’, the mean latitude of stations 206 and 205. The 
value of 10°. 2w sin ¢, by Table VI, page 32, is found to be equal to 9.60. 
The multiple 10° is introduced simply to bring the velocity values into 
centimeter-gram-second terms. L, which is the distance between 
stations, is equal to 32 miles, or 59 kilometers. (See Table VII, p. 33.) 


Depth in dynamic meters 
Stations i 
50 125 250 450 750 
FG = oe Sete Ee BES EE a aaa 48. 71750 |121.75713 |243. 40776 |437. 84276 | 729. 08476 
PAB case ofa re Sega 48. 68875 |121. 69188 |243. 27250 |437. 59850 | 728. 72150 
pS se be ee ee 0.02875 | 0.06525 | 0.13526 | 0, 24426 0. 36326 


If we treat the values of d,—d, as whole numbers and divide them 
by the value of 2 sin ¢nL 10°, the latter of which is found equal to 
569.28, we obtain the following: 


50 225 250 450 | 750 


If it is assumed that ¢; is equal to zero at a depth of 750 decibars 
(meters), then the following velocities are furnished at the various 
levels of observation, from the surface downwards. (Ifitis desired to 
express velocities in terms of knots per hour, 10 cm./sec. is equal 
approximately to 0.2 knots per hour.) 


Meters or decibars 0 50 125 | 250 450 750 


(Wo —jintom!/Secke sua le oases aoe yoo nee eee 64 59 52 
Cr TRG EDT So ARES EE Ee eae 1.3 152 1.0 
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It is often desirable to express the velocities at the various levels 
of observation graphically in the form of a current diagram, in which 
case it is customary to measure the velocity units along the abcissa 
and the depths along the ordinate. The graphic representation of 
the current between stations 205 and 206 is shown by Figure 13. 

Table VI is a copy of a table (Table 12), which first appeared in 
a contribution by Sandstrom and Helland-Hansen, in ‘Report on 
Norwegian Fishery and Marine Investigations,’ Volume II, No. 4, 
Bergen, 1903. It contains the computed values of 2 w sin ¢ 10° fbr 
each degree of latitude. 
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Fic. 13.—Current velocity diagram, northern edge of Gulf Stream 
between stations 205 and 206, May 5-7, 1922 


Tasie VI 
2w sind 10°=14.58 sing 


| 
. . | be a . . 
07. 51 07. 73 07. 94 08.15 | 08. 36 08. 57 08. 78 08. 98 09. 18 


Since the value of Z, the distance between stations, is expressed in 
kilometers, a conversion table of nautical miles to kilometers is 
included herewith: 
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Tapie VII 
Kilometers 
Nautical = 
miles 
0 1 2 3 | 4 5 6 7 8 9 
| 

0.0 1.9 3.7 5.6 7.4 9.3 zeal 13.0 14.8 16.7 
18.5 20. 4 22.2) 2A1 |} 25.9 27.8 29. 6 31.5 33.3 35, 2 
37.0 38.9 40.7 42.6 44.4 46.3 48. 2 50. 0 51.9 53. 7 
55. 6 57.4 59.3 61.1 63. 0 64.8 66. 7 68. 5 70.4 72.2 
T4.1 75.9 77.8 79.6 81.5 83.3 85. 2 87.0 88.9 90. 7 
92.6 94. 5 96.3 98. 2 100.0 101.9 103. 7 105. 6 107.4 109.3 
111.1 113.0 114.8 116.7 118.5 120.4 122.2 124.1 125.9 127.8 
129. 6 131.5 133.3 135. 1 137.1 138. 9 140. 8 142.6 144.5 146.3 
148. 2 150. 0 151.9 153. 7 155. 6 157.4 159.3 161.1 163. 0 164.8 
166. 7 168.5 170. 4 172. 2 174.1 175.9 177.8 179.6 181.5 183.3 
185. 2 187.1 188. 9 190.8 192. 6 194.5 196.3 198. 2 200. 0 201.8 


The velocity values as they are usually finally shown, represented 
by Go, page 31, are the differences between the movement on the 
surface and that at a level a 
where it is believed motionless 
water lies. But it is important 
to bear in mind that as a result 
of dynamic computations, the 
values of velocities are expressed 
in terms NORMAL TO THE 
VERTICAL SECTION which may 
include any two stations. 
Another step is necessary if it 
is desired to obtain the value of 
the real velocity. Let us as- 
sume that the direction of 
flow but not the rate is 
known. In Figure 14 suppose M, 
the direction of the current is Fic. 14—Lines AM and BM1 indicate the 
represented by the parallel __ie¥a det of he cretion. sore 
lnes AM and BM,, between tional line AB. To find: The true velocity 
the two stations A and B. Fur- upersthe current 
thermore, let it be given that the velocity normal to the section has been 
computed by means of equation (g), page 31, and that it is given on the 
figure as the lme K. We now wish to determine the true velocity, 
V, which hes in a direction parallel to the limes AM and BM,, and 
which forms the angle a with the computed velocity. The value of 


V, it is easy to see from the figure, is equal to — The same results 
a 


may be obtained graphically by laying off the angle a and dropping 
a perpendicular from the end point of the known side K upon the 
unknown side V, and then measuring the length of the latter in units 
the same as K. 


34 


In Figure 15, AB represents the path of the current; AE, the result- 
ant of the real physical forces; and AC, the quasi force due to earth 
rotation, acting with the same magnitude but in the opposite direc- 
tion. The two vectors AE and AC lie in one and the same plane, 
EAC, which is perpendicular to the course of the current. The fields 
of forces may be investigated by regarding them graphically in either 

a vertical view, called a dynamic 

i section (see fig. 12, p. 30) or in a. 
horizontal view called a dynamic. 
topographical chart (see fig. 19, p- 
39). Bothvertical and horizontal 
projections, it will be found, assist. 
to reveal particular knowledge 
regarding the types of forces in- 

C volved. It will lead also to a 

: sig é clearer understanding of the rel- 

Fic. 15.—Resolution of the two principal forces in 5 Bo 
a gradient current AB; AE, the forces due to ative position of the forces, and, 
Archimedean tendencies; AC, the Ferrelian moreover, to the course of the 
Be current, if we now review some of 
the fundamental notions pertaining to such representations of forces. 
The well-known method of regarding a force as represented by equi- 
scalar surfaces and unit scalar sheets is especially applicable here. 
The potential value of an irregularly formed equiscalar surface, 
obviously, can be traced by its intersections with a series of unit 
parallel horizontal planes. The rate of variation of contours (inter- 
sections) measured along a normal vector called the gradient is a 
direct expression of the acceleration of the scalar force. In Figure 16 
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Fic. 16.—A diagram of forces similar to that shown in Fig. 15, but with the addition 
of dynamic isobaths MN, OP, etc., which show the position of such contours 
(when friction is disregarded) relative to the actual movement of the water 

particles 
the vector AE representing the acceleration due to primary forces in 
the sea provoking currents may be regarded as a gradient force due to 
the variations in level. These variations are in horizontal projection 
shown by a series of horizontal lines (dynamic isobaths) MN, OP, etc., 
all perpendicular to line AH, and inscribed on the scalar field of the 
force. But MN, OP, etc., are also parallel to the line AB, the stream 
line of the current. Lines MN, OP, etce., then, correspond to the 
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dynamic contours of a given isobaric surface as illustrated by the 
dynamic topographical chart described on page 37 (see fig. 19). 
Therefore it follows that the dynamic isobaths recorded on such charts 
possess a tremendous significance in as much as they delineate the 
courses of the water particles over any given area that has been 
investigated. Not only may the paths of the currents be traced on 
such charts, but the degree of compactness of the dynamic isobaths 
along the gradient at right angles to the current, is a measure of the 
relative velocity of the current. The closer together the contours lie 
in any given latitude indicates the more rapidly the current is flowing 
at that time and place. 


DIRECTION OF FLOW 


The direction toward which the water moves is, of course, requisite 
information which may be obtained best perhaps by reference to a 
vertical section—i. e., the dynamic section. If a plane be passed 
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Fic. 17.—Showing the two types of distribution of specific yolume in vertical section and the resultant 
tendency toward flow of the water in consequence 


vertically downward through the plane of the forces AC and AE (fig. 
_ 16 p. 34) and a distribution of specific volume be secured, a dynamic 
section similar to Figure 12, page 30, will result. Consideration of the 
closed curve formed by the two verticals at stations 206 and 205 will 
reveal the fact that the water being lighter to a greater depth at 206 
than at 205 tends to be forced upward at 206 and downward at 205. 
But when the current is constant there is no actual movement of the 
water particles in these planes, as the real forces are exactly counter- 
balanced by the Ferrelian force (effect of earth rotation), the latter 
of which acts in a direction opposite to the tendency of the Archi- 
medean forces. The real movement of the water particles, as repre- 
sented by the foregoing figure, takes the form of a current which 
flows at right angles to the plane of the dynamic section. In such 
a distribution of forces as shown by Figure 17 the current would 
Tun in a direction through the paper, either toward or away from the 
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eye of the reader. Provided that the water is moving faster in the 
surface layers than in the depths, the rule follows: Loox 1n THE 
DIRECTION TOWARD WHICH THE CURRENT IS RUNNING, IN THE NorTH- 
ERN HEMISPHERE, AND THE LIGHTEST WATER WILL ALWAYS LIE ON 
THE RIGHT HAND. ‘The vertical differences of velocity may be calcu- 
lated from equation (f), see page 24, which is affected fundamentally 
by the values of temperature, salinity, and depth, at any two verticals 
in a plane and which it is important to note lies at right angles 
across the path of flow. 


GENERAL SUGGESTIONS FOR A PROGRAM OF HYDROGRAPHICAL 
SURVEY 


Ocean currents, it has been pointed out, may be determined by a 
distribution of temperature and salinity in a plane, the position of 
which is perpendicular to the flow of the water. Conversely, if no 
forces are found as represented by the position of the isosteres and 
isobars in vertical section, then there is no current at right angles 
to the plane of the section. It is easy to see, on the other hand, that 
a section parallel with the course of a current contains no informa- 
tion whatsoever regarding its movement. Hydrographical survey of 
extensive ocean surfaces involves in any event a large program of 
time and expense, and the task grows to considerable magnitude, 
especially when the work devolves upon the efforts of one vessel. 
An ideal program, of course, includes a maximum number of oceano- 
graphic stations distributed netlike over the area to be investigated, 
and wherein the promulgation of the work most nearly approaches a 
simultaneousness of observation. Unfortunately, the ideal survey 
rarely occurs, and it is usual that resort is made to lines of stations 
along a vessel’s track. Under such conditions it is apparent that 
before commencing the observational work the particular area should 
be studied carefully with respect to all previous, available knowledge 
of a hydrographical nature, remembering that the lines of stations 
in a program of dynamic investigation should run in such a manner 
that the sections secured approach most nearly to right angles across 
known or suspected currents. As an example let us take the region 
around the tail of the Grand Banks where there are two main move- 
ments. (1) The Labrador Current is the inshore set, which flows 
southward along the east side of the Grand Banks and to a variable 
distance around the ‘‘Tail.” (2) Offshore in the Atlantic basin the 
easterly moving masses of the Gulf Stream, guided by the trend of 
the bottom configuration, progress in a generally opposite direction 
to the cold water inshore. A program of dynamic investigation in 
this region should be based upon a series of lines of stations running 
offshore in a direction normal to the Grand Banks’ slopes as shown by 
Figure 18. Stations should be taken as close together (and repeated 
as often) as practicable in order that the influence belonging to tem- 
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porary boundary waves and vortex movements be disassociated from 
a representative picture of prevailing conditions. (cf. Helland-Hansen 
and Nansen, ‘‘The Norwegian Sea,” Bergen, 1909.) To such an 
end the dynamic features of modern physical oceanography are best 
carried out by several craft cooperating in one systematic program of 
investigation, which may or may not extend over great expanses of 
the ocean. Here is an important requirement which would appear 
to demand certain revisions in the program of expeditions, which in 
the past have usually been performed by one vessel sailing under a 
more or less roving commission. These modern methods in dynamic 


Fia. 18.—A series of station lines radiating from the Grand Banks is an example of the correct methods 
to employ in order to obtain the best collection of material leading to an investigation of the currents 
in this region 


oceanography, particularly the graphic representation as embodied in 
the dynamic topographical chart, provide, furthermore, an easy and 
efficient means of mapping currents over extensive ocean surfaces— 
advantages which are bound to guarantee a great employment for 
this science in future hydrographical surveys. 


DESCRIPTION OF A DYNAMIC TOPOGRAPHICAL CHART (CURRENT 
MAP) 

We now come to the description of a dynamic topographical chart, 

a subject which has been reserved until the close of the various 

methods of illustration, because, from its practical importance, it 

merits especial emphasis. The basis for the construction of such a 

projection depends fundamentally on the dynamic computations 
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previously discussed on page 28. It possesses great practical advan- 
tages in that it presents two pertinent, desirable pieces of information, 
viz, (1) the direction of movement, and (2) the relative rate of flow 
of the current, over any given area. Let us suppose that the tem- 
perature and salinity data, surface to 750 decibars, have been collected 
from a sufficient number of stations in the region south of the Grand 
Banks. This, as a matter of fact, corresponds to an actual oceano- 
graphical investigation carried out by the International Ice Patrol 
in these waters during the spring of 1922. Dynamic treatment of 
these data leads through the accepted methods of calculation as shown 
on page 28. Column 12 on that page contains the dynamic depths of 
the successive surfaces of observation, and also the material for the 
construction of a dynamic topographical chart, of which Figure 19, 
page 39, is an example. 

An isobaric surface, the dynamic topography of which is the sub- 
ject of interest, may be visualized as spread out beneath the surface 
of the sea, an undulating floor, the depth of which we plumb with the 
same reality as the more tangible floor of the ocean is sounded out by 
the hydrographer. As a first step toward the mapping of currents, 
let us investigate any one of the standard isobaric planes of observa- 
tion adopted by the International Ice Patrol, viz, 50, 125, 250, 450, 
and 750 decibars, by plotting its dynamic soundings on a map at those 
positions in latitude and longitude where the respective stations have 
been located. This procedure, it is plainly seen, is identical to that 
in which depths to the bottom are fixed on any ordinary navigational 
chart. If, as a next step, equipotential (level) planes are passed at 
frequent heights through the selected isobaric surface which is under 
investigation, a number of lines of intersection are formed, which for 
convenience may be called dynamic isobaths. If now we recall the 
fact that when the accelerating force of friction is disregarded the 
movement of water particles on an isobaric surface tends along such a 
surface, as well as along the same equipotertial surface (see p. 34, 
fig. 16), it is not difficult to appreciate the significance of dynamic 
isobaths. The small sketch in the lower left-hand corner of Figure 
19, page 39, shows a series of dynamic isobaths and the direction of 
the two forces which are always present wherever there prevails trans- 
latory movements of water particles in a steady current. Friction, 
for all practical purposes, may be disregarded. (See p. 43). (1) AE 
illustrates the resultant of the forces which impel and maintain gradi- 
ent flow; (2) AC represents the Ferrelian force acting in a plane 90° 
to the right of the current; and (3) AB is the path of the actual estab- 
lished movement following along the dynamic isobaths. When these 
latter are recorded on an ordinary geographical map, as a series of 
dynamic contours, it permits the reader, at a glance, to picture the 
course followed by a water particle throughout the region which is 
under survey. Figure 19 is shown as an example of a dynamic 


> tages 


ete ia ttt 


39 . 


(deur 4m01M9 WeE00 UB) 41BYO [eolydusdodo4 oyareUAp v Jo o[|duvxe UY—6I “DIT 


an 3 
SSS eee F 


& 


yi Mn 


40 


topographical chart or ocean current map. This particular illustra- 
tion delineates the dynamic form of the 750-decibar surface as it was 
found to lie by the International Ice Patrol, May 5-7, 1922, south of 
the Grand Banks. 

It was pointed out on page 13 that the greatest variations in the 
physical state of oceans and consequently the obliquity of the iso- 
baric surfaces take place in the upper levels; constant conditions and 
a level position of isobaric surfaces, on the other hand, are most 
nearly approached in the greater depths. Therefore, in order to 
compare dynamic measurements with the same level plane, and 
ultimately to record the obliquity of the sea surface at several points 
of observation, it is necessary to measure upwards from a relatively 
deep-seated, level, isobaric plane, instead of downwards from the 
usually tilted surface of the sea. It is obvious, then, that the best 
representation of the real movements taking place on a sea surface 
is contained in a dynamic topographical chart of a relatively deep 
isobaric surface. Since the 750-decibar surface was the maximum 
depth to which the Ice Patrol’s investigations extended, this 
has been taken as representing the surface of minimum motion. The 
record of its form, as shown by Figure 19, approximates very closely 
to a surface current chart of the southern Grand Banks region. 

It is customary on dynamic topographical charts to record the dy- 
namic contours of an isobaric surface for multiples of dynamic milli- 
meters difference in depth, but sometimes, such as the present example, 
due to the great inclination of the baric lene only every 5 dynamic 
centimeters is graphically possible. It will be noted that the 750- 
decibar surface was found at a depth of 729.0848 dynamic meters at 
station 206 in the northern edge of the Gulf Stream (see column 12, 
p. 28), but at station 205, 32 miles nearer the continental slope, it was 
recorded at a depth of only 728.7215 dynamic meters. [If it is as- 
sumed in conformity with previous remarks, that the 750-decibar 
surface most nearly approached a position level, then there remains 
but one alternative, namely, that the sea surface was approximately 
36 centimeters higher at station 206 than at 205. This obliquity of 
the sea surface, and to a less degree in the other depths of observa- 
tion, south of the Grand Banks, May 5-7, 1922, is shown in greatly 
exaggerated (but proportionate) profile, Figure 5, page 14. In 
order to give the reader an idea of the slight inclination necessary 
in the sea surface to drive a current, we call attention to the differ- 
ence in actual dynamic height recorded, viz, about 1 centimeter per 
mile, which, according to computations, page 31, represents a gradient 
that impelled the surface layers at a velocity of 1.3 knots per hour. 

The direction in which the water is flowing also may be determined 
by comparing the dynamic heights of any two points of observation. 
If it is assumed that the current is more rapid in the upper levels 
than in the depths we shall be facing, in the direction of flow in the 
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Northern Hemisphere when the greatest dynamic measurements lie 
- on the right hand. (See p. 35.) 

It is customary to chart the dynamic form of several isobaric 
surfaces of observation—i. e., at several standard decibar depths. 
Such methods permit one to follow the movements in several differ- 
ent layers, each one of which contains supplementary information re- 
garding the combined movements of the entire mass. It is often de- 
sirable to chart the current at a depth below the surface where tempo- 
rary fluctuations, such as those due to variable winds, become elimi- 
nated. For example, if surface conditions are shown on a 2,000- 
decibar chart, then 2,000-100 decibars will reveal the movement 
prevailing at a depth of about 100 meters below the surface. 


FRICTION 


In the resolution of current forces it was shown that the primary 
force, AH), giving rise to a constant current was equally opposed by 
the effect of terrestial rotation; provided there were no accelerating 
force of friction (see fig. 7, p.23). Friction, it was pointed out, was of 
no practical importance to the discussion of gradient currents, but was, 
however, a factor of considerable magnitude in dealing with the 
tangential effect of winds upon surface layers, and thus from a theo- 
retical view, at least, the entire subject merits discussion here. There 
are two kinds of friction, viz, (1) molecular and (2) virtual. Mo- 
lecular friction, or viscosity in the sea, is of insignificant consequence 
and may be completely disregarded. Virtual friction or real fric- 
tion not only considers the viscosity existing between any two layers 
of different velocities, but it also includes the resistance due to tur- 
bulence. Virtual friction exerts itself to a varying degree in the 
sea; for example, a homogeneous water mass mixed by the turbulent 
effect of the winds possesses greater friction dynamically than pre- 
vails in a region of more pronouncedly stratified water. Since we 
consider movements in a horizontal direction only, the friction force 
is consequently confined to that direction. The particular form 
given to the velocity diagram of a current contains direct informa- 
tion bearing upon the degree of friction prevailing at the time of 
observation, and thus wherever constant currents are established 
and flowing in the same direction at different levels, the acceleration 
or retardation of friction acts either in the same or an opposite direc- 
tion to the flow of the water particles. 

If we examine several velocity diagrams we find that there are three 
general types as shown by Figure 20, page 42. In ‘‘A”’ the velocity of 
particle ‘‘a”’ is equal to the mean of the velocities of a water particle, 
or water layer, adjacently above and adjacently below; then the 
accelerating effect of the former is equal to the retarding effect of 
the latter, and the resulting value of friction in such currents is zero. 
This is a form often observed in a voluminous current such as the 
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Gulf Stream, and is well illustrated by the velocity diagram (fig. 18, 
p. 32). In “B,” Figure 20, the velocity of “‘a” being greater than 
adjacent particles, or adjacent sheets above and below, is thereby 
retarded and friction acts to hinder the translatory progress of 
particle ‘‘a.” In ‘‘C,” the velocity of particle ‘‘a”’ is less than either 
of its immediate neighbors, above or below, and friction therefore 


Qa oT s 
aA 
Fia. 20.—Three general types of current velocity diagrams 


tends to accelerate the velocity of ‘‘a.” If the water particles in a 
current be retarded by a constant accelerating force of friction 
throughout the depth, then the velocity diagram will assume the 
form of a parabola. 

Cases as shown in ‘‘B” and ‘‘C”’ (fig. 20) may also be illustrated 
by components and force diagrams in horizontal projection as follows: 

The dotted lines in Figure 21 represent the direction of flow of the 
current, and the solid lines are equipotential lines inscribed on the 
scalar field of the force tending to produce a movement in the sea, 


Fic. 21.—The two types of force diagrams belonging to gradient currents when friction is included 
either as (1) a retarding or as (2) an accelerating force 


The gradient AE being perpendicular, of course, represents the force 
due to variations in gravity potential. AC is the force due to terres- 
tial rotation lying 90° to the right of the direction of the current. 
By vector analysis we may find the force AF due to friction, where 
in ‘‘A”’ it retards the current AB, and in ‘‘B” it accelerates the same. 
If all but one of the parallel lines of flow and all but one of the parallel 
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equipotential projections be removed, the angle between these two 
may be more easily seen and designated as a, in the figure. It follows 


that: 
AF=AC tana=Zwsin yV tan CaN es we en) 


It is seen from this that the force due to virtual friction varies 
directly as the tangent of a and the velocity of the current. There is, 
however, very little data bearing on the value of this angle a for 
various currents at different places and under different conditions. 
In order to determine various values of a (contemplating of course 
that there are several assumptions), simultaneous observations should 
be madg regarding the direction and the rate of flow of the current 
with the aid of current meters, and at the same time observations for 
temperature and salinity should be taken in a section at right angles 


Fie. 22.—An illustration similar to Fig. 21, but with all but one of the dynamic isobaths erased 
and all but one of the parallel lines of flow erased 


across the current. By such a means the virtual friction, as repre- 
sented by the line AF, can be tabulated directly. The value of this 
effect, however, as it enters the present discussion, may be safely 
stated, rarely exceeds a magnitude of 0.05 to 0.07 knots per hour, 
either to accelerate or to retard the flow of a steady current, and such 
ciphers being relatively insignificant can be disregarded in the prac- 
tical determination of currents. 


EFFECT OF BOTTOM CONFIGURATION ON CURRENTS 


Frictional retardation attains considerable proportions, however, 
between flowing water particles in contact with the fixed configura- 
tions of an ocean basin. Ekman has suggested as a result of mathe- 
matical investigations that if an ocean current proceeding along in a 
steady manner moves in over a gradually shallowing shelf, it will 
tend to be deflected more and more to the right in the Northern 
Hemisphere. On the other hand, if by a continuance the bottom 
begins to recede deeper and deeper from the surface, then the cur- 
rent will be proportionately deflected to the left. This phenomenon 
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is revealed by reference to certain current charts (dynamic topog- 
raphy) of which the Ice Patrol has record. As an example, we might 
call attention to Figure 19, page 39, wherein the position of the Gulf 
Stream relative to the 4,000-meter contour, clearly indicates that the 
current flooded in up the grade occasioned by the southeasterly 
extension of the Grand Banks (about 53° west longitude), but meet- 
ing increased resistance in the constantly shallowing depths it was 
deflected to the right, offshore. The current, proceeding along in this 
new direction where the depths increase, tended to swing to the left, 
inshore; and so in this fashion its course may be traced as it flowed 
along the continental slope in a serpentine path. 

Inshore, over continental shelves, it has been found that the 
coastal waters are in a slow primary circulation which Huntsman 
believes due to the pumping action of the tides combined with the 
effect of terrestial rotation. It has been expressed in a general state- 
ment, viz, bottom configuration in the Northern Hemisphere tends to 
deflect currents to the right (cum sole), around islands and shoals, 
and to the left (contra solem), around basins and deeps. 


TIDES 


One of the external forces provoking currents in the sea was 
ascribed to the tides (see p. 1). Such currents rotate in their move- 
ment either clockwise or counterclockwise one complete cycle, when 
unaffected by other influences, in a period of 12.4 hours. The theory 
of semidiurnal tides is based upon a series of waves which are known 
sometimes to be propagated great distances, but the discussion of the 
form of such waves, and the theory of orbital motion given to the water 
particles, is too lengthy to be included in this paper. Those inter- 
ested in a more detailed exposition are referred to Darwin (cf. Tides 
and their Kindred Phenomena in the Solar System.) We mayremark, 
however, a few generalities regarding the various tidal phenomena as 
they affect certain oceanographical problems. Tidal currents in the 
deep ocean basins are of comparatively subordinate importance, but 
near continental slopes and over shelves they may attain great magni- 
tude. Even when such slopes and shelves extend far out into an ocean 
basin, tidal effects remain quite prominent. The sheet of water lying 
over the Grand Banks, for example, averaging a thickness of about 
35 fathoms (65 meters), receives a regular tidal clockwise rotation 
which attains velocities ranging from 0.2 to 0.5 knots per hour. Well- 
marked rippling on the surface during periods of calm sea, moreover, 
has been observed along the eastern edge of the Grand Banks, which 
it is easy to believe were caused by the semidiurnal tidal wave meet- 
ing the rise as presented by the eastern face of the bank. Icebergs 
around the Grand Banks have often been carried inshore and grounded 
temporarily during calm weather when no other cause seemed so 
plausible as that of a favorable tidal set at the time and place. 
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Various places, as a result of land and shoal formations, may be 
under the influence of two tidal waves in varying phases. If these 
latter are similar and both at a maximum, then follows a maximum 
range of level and a minimum velocity of current. On the other 
hand, where two tidal waves meet in opposite phases, a minimum 
range of level results but a maximum strength of current is attained. 
Tidal currents on soundings are usually determined by the aid of 
current meters, which in the open sea are often illustrated by an 
elliptical form of diagram when the current is purely tidal. The 
water over shelves and near continental slopes is usually in progressive 
movement as well as being under a tidal influence, and in those cases 
the current diagram will be a resultant of the two different types of 
movement. Another method of illustration of current observations 
is that of a number of vectors radiating from a common center and 
where the position and relative length of the successive vectors in- 
dicates the direction and velocity respectively of the current reckoned 
in moon hours. 


VARIATIONS IN ATMOSPHERIC PRESSURE 


Among the causes of currents ascribed to external forces, there was - 
included (see p. 1) that of the atmosphere as it pressed down upon a 
sea surface unequally. Some very interesting observations have been 
collected which deal with this subject where the bodies of water are 
partially inclosed by basins and the currents thus produced are 
forced. An example of such geographical qualifications is illustrated 
by the Mediterranean Sea and its connection—the Strait of Gibral- 
tar—with the Atlantic. Knudsen has found that atmospheric 
pressure differences between the Baltic and the North Sea can be 
traced in the acceleration (or retardation) of the current through 
the Belts and Oresund. Since a difference in atmospheric pressure 
of 1 centimeter of mercury is equal to about 13 centimeters of sea 
water, it is not difficult to appreciate that the volume of a water 
mass which has this dimension as a thickness and an area equal to 
the Baltic will cause a considerable current when forced through 
such an opening as Oresund. Apparent natural difficulties have 
prevented the collection of scientific observations which will throw 
light upon the degree of this influence in the open sea. Because of 
(a) the absence of boundary surfaces against which the variations 
in atmospheric pressure may react; (6) the compensating effect 
which results from the progressive movement of such maxima and 
minima areas over the sea’s surface; and (c) a counteracting drift 
current which tends to flow as a result of the accompanying system 
of winds make it safe to state that in general the relative importance 
of variations in atmospheric pressure causing currents in the open 
sea is small indeed. This phenomenon can be totally disregarded 
in hydrodynamic computations of the ocean. 
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WINDS 


The discussion of the most important of all forces classified as 
external and provoking currents in the sea—the winds—has been 
reserved until the last. Winds, as they are treated in this connection, 
are divided into two groups: (a) Those winds the effects from which 
impel the surface layers—propagate frictionally downward—and 
produce a drift current only; and (6) those winds which by virtue 
of (a) drive water particles against boundary surfaces in the sea and ~ 
give rise to gradient currents. 

Let us first examine (a) the current caused by the wind and the 
earth’s rotation alone. Nansen, on board the Fram while held fast 
in the Arctic pack, observed that the drift of his ship was 20° to 40° 
to the right of the direction of the wind. More recently Ekman has 
made some very interesting theoretical investigations regarding a 
wind blowing tangentially over a water surface, taking the rotation 
of the earth into account. (See Ekman’s ‘Earth Rotation and 
Ocean Currents,’’ Arkiv for Matematik, Astronomi, och Fysik, Band 
II, No. 11, Uppsala, 1905.) To begin with, Ekman has made the 
following assumptions: 

1. The ocean be unlimited in a horizontal direction. 

2. The depth to the bottom be great. 

3. The water mass be homogeneous. 

The following deductions are then made: 

(a) The surface water particles are driven 45° cum sole (to the 
right in the Northern Hemisphere) of the direction of the wind. 

(b) This effect is propagated frictionally downward. The direc- 
tion of the current will alter cum sole in direct ratio to the increase 
in depth, and the velocities will decrease in geometrical progression. 

(c) At a certain variable depth, called the frictional depth (or 
depth of wind current), the water will flow in a direction exactly 
opposite to that of the surface current, but its velocity will be only 
about one-twenty-third of that on the surface. 

In order to obtain a clearer conception of the penetration of wind 
currents in the upper levels of an ocean, relative values of c (the 
velocity of the drift current throughout the vertical range of fric- 
tional depth) and D (the frictional depth) may easily be calculated 
by means of Ekman’s formule and placed in table form: 


Tasie VIII 
| Direction Velocity 
| Meters a* a’ (e) 
} 
| 0 0 0 Co 
} 02D 0. 27 36° 0.53 Co 
0.4D 0.4 + 72° 0.28 Co 
| 0.6 D 0.6 7 108° 0.15 Co 
| 08D 0.8 7 144° 0.08 Co 
D 7 180° 0.04 Co 
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(*the direction of the wind current at the very surface is assumed to 
be 45° to the right of the wind). Angles a and a’ are the differences 
between the direction of the surface current and that prevailing at 
the given fractions of the frictional depth. The same results were’ 
first shown graphically by Ekman in the form of a diagram, a copy 
of which is shown herewith. As an example of the use of Table 
VIII, and as further illustrated by Figure 23, if the frictional depth 
be 50 meters, then at a depth of 10 meters the water particles will 
flow in a direction 36° to the right of the current on the surface. 
So it is seen that if the 

surface velocity and the Y 

frictional depth be known, x 

the velocity and the di- 
rection of the pure drift 
current throughout the 
vertical range may be de- 
termined. Ekman has 
found that for practical 
purposes the equation 
may be simplified to 


Sevisition 0 et -) 
(j) is based upon the value 
of g equal to 1.025; and 
W represents the wind 
velocity in meters per 
second. It is easy to see 
from (j) that the greater 
the wind velocity the fs. 23.—Ekaman’s diagram in which the position and length 
‘f relatively of the successive arrows represent the direction 
deeper downward in an and velocity, respectively, of the pure drift current, down 
ocean will its effect pene- eeu, | ‘depth, set up as a result of wind and earth 
trate. Also since sin ¢ is 
zero at the Equator and 1 at the pole, it follows that given winds 
will exert a maximum influence at the Equator and the least effect 
at the pole. The density of the water is of some importance; a given 
wind current will be stronger and penetrate to a greater depth in a 
region of light water than in a region of heavy water. Table IX gives 


TasLe IX 


Wind velocity Latitude 


(Chita [REE 6 5° | 10° | 20° | 30° | 40° | 50° | 60° | 70° | 80° | 90° 
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the frictional depth for different wind velocities at different latitudes and 
is computed by means of equation (j). The table is also based upon 
several assumptions, two important ones of which are, (1) the water 
‘mass be homogeneous, and (2) the depth to the bottom be great com- 
pared with the frictional depth. Such restrictions, as a matter of 
fact, differ from conditions actually met in the ocean, but the table 
gives an idea, nevertheless, of the depth of the pure wind current 
in the open sea, bearing in mind that when great variations in the 
density are found, the frictional depths will be less. At such places 
where abrupt transitions in the density of a water column takes 
place (e. g., a well-pronounced condition during the summer when 
the superficial layers become relatively light), then the boundary 
between the surface water and the heavier underlying mass acts as 
a virtual bottom in determining the development of the pure wind 
current. The density curves for the Grand Banks column, for ex- 
ample, often reveal an abrupt transition at a depth of about 20 to 
30 meters, and such a discontinuity layer probably indicates the 
lower limit of the drift current at the time. If the depth of the upper 
layer be less than the frictional depth, as found by Table IX, then the 
effect of earth rotation is small and the direction of the wind current 
will more or less parallel the direction of the wind. On the other 
hand, at those places where homogeneous water is found extended 
downward 200 or 300 meters (e. g., in an ocean which has been 
subjected to the effect of an entire winter’s cooling), then we may 
expect wind currents (after a day or so outside of the Tropics) to 
develop in characteristic form. (See fig. 23. p. 47.) 

A distinction has been made between (a) the direct frictional 
effect. of the wind blowing over a surface in the deep open sea, as it 
‘sets in motion a pure wind current, and (b) a similar effect of the 
wind but under the influence of coast lines or other hinderances, by 
which the water becomes amassed against (or sucked out from) such 
boundary surfaces in the sea. Winds classified as (b) bring to the 
problem a consideration of two subsequent movements known as 
“the mid-water current” and the “bottom current.’’ The bottom 
current compensation for the surface current as the latter flows 
toward (or away from) boundaries. As an example of the building 
up ability of far reaching currents by a system of prevailing winds, 
we might regard the northwestern North Atlantic region along the 
North American coast, stretching from Baffin Land to the southern 
reaches of Newfoundland. Normal atmospheric distribution, espe- 
cially well marked in this region during the December—March period, 
furnishes a strong northwesterly wind component, which a glance at 
the map will show lies approximately parallel to the coastal trend, 
Baffin Bay to Cape Race. Ekman has pointed out (see “ Karth Rota- 
tion and Ocean Currents,’’ Arkiv fér Matematik, Astronomi och 
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Fic. 24.—The northwestern North Atlantic region illustrated in such a manner as to present 
one of the fundamental factors causing the gradient Labrador Current. The long curved 
arrows indicate the average wind direction December-March, and the short double arrows 
show the general movement of the water as a result. The diagram AB—CE represents the 
relative positions of Archimedean and Ferrelian forces and the direction of gradient flow 
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Fysik, Band II, No. 11, Uppsala, 1905) that the influence of a coast 
line upon currents set up by the wind is to produce a general move- 
ment of the water along in the direction of the coastal trend. The 
bulk of the current—i. e., the mid-water current—flows more or less 
parallel to the coast line, but as we approach the shore the mid-water 
current disappears and the surface and bottom systems merge into 
one with a consequent loss of character. This last-mentioned move- 
ment also tends to flow parallel to the shore line. A wind of given 
strength will produce a maximum effect, states Ekman, when di- 
rected 13° to the left of the coast line, which conditions, it is inter- 
esting to note, accord closely with relative directions of winter wind 
and coast line in the northwestern North Atlantic region. Figure 
24, page 49, illustrates this particular phenomenon. The long curved 
arrows represent the average direction of the wind during the Decem- 
ber-March period, and the short double arrows indicate the general 
movement of the surface layers. Offshore, where the depth to the 
bottom is relatively great, the wind current at the surface will be 
deflected nearly 45° to the right of the wind, and the mean transport 
of the water layer of the wind current will most nearly approach a 
direction 90° to the right of the wind. As we near the shore and 
shallow water the direction of the wind and movement of the surface 
water tend to become parallel. The gradient current, which is the 
most voluminous of the movements, arises whenever the sea surface, 
which has been deformed into a state of obliquity by the wind, 
tends to return to the level. A regular state of motion is soon estab- 
lished with a steady flow perpendicular to the pressure gradient, and 
we are permitted to draw a diagram showing the position of impelling 
and Ferrelian forces, AE and AC, respectively, with resultant direc- 
tion of the gradient current as line AB. The time required for such 
a development must be calculated in weeks or months depending 
upon the magnitude of the wind and the width of the current. 
Gradient currents are more or less independent of slight variations 
in the winds such as affect surface currents, but it is quite probable 
that variations in the circulation of the atmosphere are followed by 
corresponding variations in the gradient currents. As an example 
of such a phenomenon as described in the foregoing we point to the 
Labrador Current, which may be due to the melting of polar ice, 
but which, nevertheless, is controlled to a great degree by a system 
of seasonal winds, December—March, tending to aid the transport 
of cold water and ice out of the Arctic along the western side of the 
North Atlantic basin. 
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